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ABSTRACT
ATMOSPHERIC MERCURY CHEMISTRY:
DETECTION, KINETICS, AND MECHANISM
by
Na Mao
The presence of mercury in the environment is of global concern due to its toxicity. The
atmosphere is an important transient reservoir for mercury released by human activities
and natural sources. The knowledge of atmospheric mercury chemistry is critical for
understanding the global biogeochemical cycle. In the atmosphere, mercury primarily
exists in three forms: gaseous elemental mercury (GEM), gaseous oxidized mercury
(GOM), and particulate-bound mercury (PBM). Over the last decade, the existing
knowledge of mercury cycle has dramatically changed: (1) There has been increasing
evidence that current detection methods do not accurately quantify gaseous oxidized
mercury and a technique which could do both quantitative measurements and molecular
speciation of atmospheric oxidized mercury is needed. (2) The gas-phase oxidation of
elemental mercury initiated by bromine radical has been proposed as the major oxidation
pathway, however, the experimental confirmation for the fate of HgBr radical is limited.
(3) Heterogeneous reactions of gaseous oxidized mercury on environmental surfaces are
poorly understood.
Accordingly, the goal of this work is (a) to develop a new mass spectrometry-based
detection technique, which can be employed for both laboratory and field measurements
of gaseous oxidized mercury and use this technique to investigate the (b) heterogeneous
reactions of gaseous oxidized mercury with environmental surfaces; and (c) the kinetics
and mechanism of gas-phase reactions of elemental mercury to form gaseous oxidized

mercury. This work has broad implications, it provides a better understanding of mercury
chemistry in mechanisms and kinetics, which helps to model the atmospheric mercury
cycle, enhance our current knowledge concerning the biogeochemical cycling of mercury,
broaden our understanding of the mercury chemistry in the atmosphere, and provide a
direct detection technique of atmospheric mercury which can be applied in future field and
laboratory studies.
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CHAPTER 1
INTRODUCTION

1.1 Background
1.1.1 Mercury Cycling in the Environment
Mercury is an environmental pollutant of global concern that has high toxicity to a broad
range of living organisms, exacerbated by its strong ability to bioaccumulate (Rice et al.,
2014). It is released primarily in elemental state (Hg 0), entering the atmosphere as gaseous
elemental mercury (GEM) (Obrist et al., 2018). Atmospheric GEM is involved in longrange transport and oxidative transformations due to its relatively long lifetime, which is
about a year (Lin et al., 1999; Schroeder et al., 1998b), producing gaseous oxidized
mercury (GOM) and particle-bound mercury (PBM) (Lyman et al., 2020a). All forms of
mercury can be transferred to oceanic and terrestrial environments (as shown in Figure 1.1).
GEM has been shown to exchange dynamically with plant stomata and soils (Naharro et
al., 2019; Obrist et al., 2017; Rutter et al., 2011; Stamenkovic et al., 2009), whereas GOM
and PBM undergo both wet and dry deposition (Sather et al., 2013; Wright et al., 2016;
Zhou et al., 2018). Although the oxidized mercury typically represents less than 5% of the
total atmospheric mercury, due to the high solubility it is the primary contributor to the
mercury deposition to land and oceans (Lindberg et al., 2007).
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Key:
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=Gas-Surface removal of Hg

Figure 1.1 The global atmospheric budget for mercury derived from the GEOS-Chem
model.
Source: (Holmes et al., 2010).

1.1.2 Oxidation of Atmospheric Mercury
The concentration of mercury in precipitation (1 to 50 ng/L) is several orders of magnitude
higher than the predicted using GEM concentration by Henry’s law. Thus, GEM must be
oxidized either within aqueous aerosol or in the gas phase then adsorbed to RM (RM=GOM
+ PBM), which is more reactive and soluble in water compared with GEM. In early studies
(Hall, 1995), it was assumed that the largest GEM loss occurred in the presence of O 3 with
a gas phase rate constant of 3×10 -20 cm3 molecule-1 s-1 at 20 ℃ is primarily responsible for
the atmospheric lifetime of GEM,

Hg 0 + O3 → HgO + O2

(1.1)

which is too slow to explain the rapid depletions of mercury in the Arctic atmospheric
boundary layer at springtime (Schroeder et al., 1998a) and in the Antarctic (Ebinghaus et
al., 2002).
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There has been increasing evidence that chemical reactions of halogens are
involved in the elemental mercury depletions (Lindberg et al., 2002). Both laboratory and
computational studies have focused on the gas phase oxidations of GEM by molecular and
atomic halogens, halogen oxides, nitrate radical, and hydroxyl radical (Calvert et al., 2003;
Impey et al., 1997; Sommar et al., 1997). However, the oxidations of GEM by all other
chemicals except bromine radical were disputed by subsequent studies (Calvert et al., 2005;
Sommar et al., 2001). The oxidation of GEM by atomic bromine is sufficiently fast (kHg+Br
= 3×10-12 cm3 molecule-1 s-1), and the concentration of Br present in the troposphere is
sufficiently high, these could explain the Arctic depletion events (Ariya et al., 2002) as
following,

Hg 0 + Br + M → HgBr + M

(1.2)

where M is the third body to help to remove extra energy in the reaction. The bromine
radical is formed by oxidation and photolysis of short-lived bromocarbons and from
debromination of sea-salt aerosol, transport from the stratosphere, and recycling from
reservoir species by homogeneous and heterogeneous processes (Parrella et al., 2012). This
reaction dominates the oxidation although the reaction has shown a lower reaction rate
constant (kHg+Br = 0.3×10-12 to 1.0×10-12 cm3 molecule-1 s-1) in subsequent studies
(Donohoue et al., 2006; Khalizov et al., 2003). Quantum chemicals studies (Jiao et al.,
2015, 2017a; Lam et al., 2019b; Shah et al., 2021) have pointed out that HgBr radical tends
to react with NO2 and HO2 radicals (Equation 1.3), and O3 (Equation 1.4) to form the most
probable GOM species, such as BrHgONO and BrHgOOH, and BrHgOH (Equation 1.5).
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HgBr + X → HgBrX (X = NO2 , HO2 )

(1.3)

HgBr + O3 → HgBrO + O2

(1.4)

HgBrO + RH → HgBrOH + R

(1.5)

However, the theoretical studies (Saiz-Lopez et al., 2018; Saiz-Lopez et al., 2020)
have shown that BrHgONO and BrHgOOH are rapidly photolyzed. Wu et al have
confirmed the existence of a reduction channel in the formation of BrHgONO using their
experimental kinetic studies of HgBr radical with NO2 (Wu et al., 2020). An improved
GEOS-Chem global atmospheric mercury chemistry model includes the reduction and
oxidation pathways of BrHg when reacting at the Br and the Hg, respectively, in its reaction
with ozone (Shah et al., 2021). Later, a kinetic study of HgBr radical with O3 was reported,
indicating its dominating role on the gas-phase oxidation of Hg(I) to Hg(II) (Equation 1.4);
meanwhile, Hg(II) was reduced through the reduction channel of BrHgO with O3 (Equation
1.5) (Wu et al., 2021).
1.1.3 Interaction of Gaseous Oxidized Mercury with Surfaces
The lifetime of atmospheric mercury is estimated to range from a few months to a year,
giving rise to its global transport, reaching even the remote oceans (Holmes et al., 2010;
Selin et al., 2007). Some of the mercury can deposit from the atmosphere as GEM, via the
direct exchange with plant stomata and soils (Naharro et al., 2019; Obrist et al., 2017;
Rutter et al., 2011; Stamenkovic & Gustin, 2009). However, a significant fraction of GEM
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is converted to GOM, or gaseous Hg(II), through a process of photochemical oxidation
(Ariya et al., 2002; Donohoue et al., 2006; Holmes et al., 2010; Jiao & Dibble, 2015). The
evaluation of the GOM and PBM deposition is severely hindered by the inadequate
knowledge of their chemical identities, which in the absence of solid experimental evidence
are deduced based on the chemical intuition and quantum chemical calculations (Dibble et
al., 2012; Jiao & Dibble, 2015; Jiao et al., 2017b; Lindqvist et al., 1985).
Quantum chemical calculations suggest that BrHgONO, BrHgONO 2, BrHgOOH,
and BrHgOH are among the most abundant oxidation products of GEM (Dibble et al., 2012;
Jiao & Dibble, 2015, 2017b; Lam et al., 2019b). Being less volatile and more water-soluble
than elemental mercury, GOM can engage in several competing pathways that together
control the overall rate of atmospheric mercury removal through deposition to the Earth’s
surface. For instance, some of the GOM is taken up by atmospheric waters, depositing
through precipitation (Zhou et al., 2018), or it can undergo dry deposition to terrestrial and
aquatic surfaces (Sather et al., 2013; Wright et al., 2016). Modeling studies show that dry
deposition alone is too slow to account for the rapid decrease in GOM concentration in the
afternoon and evening hours; hence, uptake of GOM by sea salt aerosols often has to be
included as an additional loss pathway in marine environments (Holmes et al., 2009; Selin
et al., 2007). The uptake of GOM by aerosol particles produces so-called particulate-bound
mercury (PBM), which can undergo wet and dry deposition (Sather et al., 2013; Wright et
al., 2016; Zhou et al., 2018).
Computational studies report that adsorption of Hg(II) on dry surfaces reduces the
amount of energy required to generate Hg(0) (Tacey et al., 2018a; Tacey et al., 2016), while
laboratory and field studies confirm that Hg(II) can be promptly reduced upon solar light
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irradiation on both dry and wet aerosols (Deng et al., 2019; Tong et al., 2013). Thus, the
knowledge of GOM transfer to cloud droplets and aerosol particles is important for an
accurate evaluation of atmospheric mercury cycling.
The scavenging of GOM by water droplets is described by Henry’s law in most
modeling studies (Amos et al., 2012; Ye et al., 2016), but there is no uniform treatment of
the GOM conversion to PBM. For instance, three studies utilizing the same global 3-D
chemical transport model GEOS-Chem made three different assumptions: no GOM-toPBM partitioning (Selin et al., 2008), a 50/50 partitioning (Holmes et al., 2010), or
partitioning according to an empirically derived temperature-dependent distribution
coefficient (Amos et al., 2012). Furthermore, the scavenging of GOM by sea salt is treated
separately from other aerosols, typically as a first-order sink with an empirically derived
rate coefficient (Selin et al., 2007). In a more advanced approach (Holmes et al., 2010), the
rate coefficient is parameterized based on the results from a box model, where the uptake
of GOM is limited by mass-transport at the gas-particle interface, assuming a constant mass
uptake coefficient of 0.5 (Holmes et al., 2009). However, the latter value might be
significantly lower, varying with the composition and concentration of chemical species in
the condensed phase, and that may produce a significant uncertainty in the uptake by fine
aerosol particles, where mass accommodation rather than gas diffusion is the limiting step
of uptake (Davidovits et al., 2011).
The knowledge of GOM interaction with aerosol surfaces remains rather limited at
present, with the majority of quantitative information pertaining to equilibrium partitioning,
but not kinetics. For instance, particles made of sodium nitrate, potassium chloride, and
sodium chloride were found to show high partitioning coefficients for Hg(II), while
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ammonium sulfate, levoglucosan, and adipic acid caused Hg(II) to partition toward the gas
phase (Rutter et al., 2007). Quantum-chemical calculations have been successfully applied
to estimate partitioning coefficients for HgCl 2 on iron oxide and sodium chloride surfaces,
showing general agreement with the experimental measurements (Tacey et al., 2018b). On
the other hand, the information on the uptake kinetics is mostly semi-quantitative, such as
in the study by Malcolm et al. (2009), who have demonstrated that ambient GOM and
laboratory HgCl 2 have a comparable affinity for KCl, NaCl, and sea salt, and are therefore
likely to be scavenged by sea salt aerosols. However, the rate of uptake in these adsorption
experiments, performed with coated denuders in the air at atmospheric pressure, was
limited by gas diffusion and hence did not allow for the retrieval of any quantitative
information about the reactive uptake.
1.1.4 Model of Gas-Surface Chemistry
Current understanding of the interaction between aerosol particles and trace gases is
illustrated schematically in Figure 1.2a. The entire process comprises several steps: (a) gas
molecules diffuse towards the particle surface; (b) gas molecules experience surface
adsorption, desorption, and/or surface reaction; and (c) if the particle is liquid, the
molecules can become solvated, entering the liquid phase, where they are subject to
diffusion and/or reaction.
Overall, gas-surface reactions are represented as a first-order kinetic process: a gas
molecule A reacts on the surface to form B with rate constant 𝑘,

surface

A→

B
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(1.6)

where 𝑘 is the rate constant of the overall gas-surface reaction that depends on the uptake
coefficient (𝛾), mean thermal velocity of the reacting gas molecules (c̅); and aerosol surface
area (𝑛𝑠),

𝑘=

𝛾c̅𝑛𝑠
4

(1.7)

the uptake coefficient, also called reaction probability, is defined as the ratio of the number
of trace gas molecules removed from the gas phase (net loss) to the total number of tracegas molecule collisions with the surface,

γ=

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑙𝑜𝑠𝑡 𝑜𝑛 𝑡ℎ𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛𝑠

(a)

(1.8)

(b)

Figure 1.2 Interaction of gas molecules with aerosol particles: (a) multi-step model of gasparticle chemistry and (b) resistance model.
Source for (a): (Davidovits et al., 2006).

The interaction of gas molecules with aerosol particles (Figure 1.2a) can be
described by differential equations, which are commonly solved numerically. However, the
differential equations are too complex to solve. To simplify the solving processes,
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individual resistances similar to a resistor in an electrical circuit are applied (as shown in
Figure 1.2b). The resistance model is demonstrated in Equation (1.9),

1
𝛾

is the total

resistance, which is represented by the sum of individual resistances:

1 1 1
1
= + +
𝛾 Γ𝑔 𝛼 Γ𝑟𝑥𝑛 + Γ𝑠𝑜𝑙

(1.9)

where Γ𝑔 represents the gas transport to the surface of the particles, 𝛼 is the mass
accommodation coefficient for transfer across the interface, Γ𝑟𝑥𝑛 represents the bulk liquidphase reaction, and Γ𝑠𝑜𝑙 represents solubilization and diffusion in the liquid phase. The rate
constant (k) can be estimated based on uptake coefficient obtained from Equation (1.9).
1.1.5 Reduction of Atmospheric Mercury
In addition to atmospheric mercury removal by wet and dry deposition, atmospheric GOM
and PBM can be reduced back to GEM (Edgerton et al., 2006; Landis et al., 2014). Models
predict that reduction is nearly comparable to or faster than deposition, and hence the
competition between these two processes may control the global patterns of mercury
entering the terrestrial and aquatic environments (Francés-Monerris et al., 2020; Holmes
et al., 2010; Horowitz et al., 2017; Saiz-Lopez et al., 2018). The reduction mechanism is
thought to be photochemical, but there is a lack of agreement on whether gaseous or
condensed-phase Hg(II) is the principal form which is reduced (Horowitz et al., 2017; Lam
et al., 2019b; Saiz-Lopez et al., 2018). The gas-phase photoreduction of Hg(II) has recently
been shown to change mercury cycling significantly in the atmosphere and its deposition
to the Earth’s surface (Saiz-Lopez et al., 2018). Recently, the reduction reaction of BrHgO
9

with O3 has been verified as the major reduction reaction for Hg(II) (Wu et al., 2021).
Photoreduction of Hg(II) to Hg(0) by organic matter in an aqueous system takes place
largely through photolysis of aqueous Hg(II)–organic complexes (Shah et al 2021,
O’Driscoll et al, 2004, Whalin et al, 2007).
1.1.6 Detection of Atmospheric Mercury
The quantification of atmospheric mercury is a substantial analytical accomplishment
because of the challenge associated with the low atmospheric mercury concentrations,
ranging from tens of pg m -3 (GOM and PBM) to few ng m -3 (GEM). Due to the challenge,
most existing detection methods must rely on some form of chemical or physical trapping
to increase the sample concentration (Gustin et al., 2015; Pandey et al., 2011). For instance,
GEM is trapped as an amalgam on gold-coated surfaces, then thermally desorbed and
detected by atomic absorption or atomic fluorescence spectroscopy. GOM is often preconcentrated on a KCl-coated denuder, then thermally decomposed and detected as GEM
(Landis et al., 2002). Although these methods are widely commercialized, significant
measurement biases have been discovered over the last decade, including the interferences
from ozone and water vapor in the KCl denuder method for GOM (Gustin et al., 2013;
Lyman et al., 2010) and the passivation of gold surface during GEM analysis (Landis et al.,
2002). The interferences vary significantly with environmental conditions, calling into
question the large set of GOM data collected and hence the current scientific understanding
of the atmospheric mercury chemistry and dynamics (Jaffe et al., 2014).
In response to the call to improve the knowledge of the chemical speciation of
GOM (Jaffe et al., 2014), active work is conducted by several groups to develop alternative
analysis methods. The methods differ in the types of adsorbing media and analysis methods,
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but all of them involve a two-step scheme, where in the first step GOM is pre-concentrated
and in the second step it is thermally desorbed and analyzed. For instance, GOM from
ambient air can be collected on nylon membranes or quartz wool and then desorbed in a
programmed temperature sequence, where it is pyrolyzed and analyzed as GEM (Ernest et
al., 2014; Gustin et al., 2016; Huang et al., 2013). A series of peaks appearing at different
temperatures are identified by comparing them against mercury (II) standards that are
loaded onto membranes and analyzed under identical conditions. This approach is
sufficiently sensitive to be deployed in the field, but the chemical speciation it produces is
rather indirect and requires the use of authentic standards. To improve chemical speciation,
Jones et al. (2016) substituted chemical analysis of the evolving GOM for pyrolysis. In
their method, GOM from a sample collector is thermally desorbed, focused on a capillary
column head with a cryogenic pre-concentrator, separated in a gas chromatograph, and
then analyzed with an electron impact ionization mass spectrometer (GC-MS). With
sufficient collection time, mercury (II) halides could be analyzed with a limit of detection
low enough to be used for ambient sampling, but improvements in the collection device
were needed to make the approach field worthy. Similarly, (Deeds et al., 2015) used
commercial atmospheric pressure chemical ionization mass spectrometer (APCI-MS)
interfaced to a custom-made collector to detect HgCl 2 and HgBr2 by pre-concentration and
thermal desorption, with detection limit comparable to other methods for the measurement
of total GOM. However, air matrix interfered with the identification of HgCl 2 and HgBr2
in ambient air samples.
All of the methods outlined above rely on the sample pre-concentration, which is a
double-edged sword. On the one hand, pre-concentration allows the collection of sufficient
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sample mass making chemical analysis possible. On the other hand, it can produce artifacts
in the case of stable species and it prohibits the analysis of labile species (e.g., free radicals),
making those methods unsuitable in kinetic studies. The question of possible artifacts is an
important one, as no validation has yet been presented that GOM molecules adsorbed on
the surface can be desorbed in the same chemical form they had when in the air. Based on
what we know of molecular structure from quantum chemicals studies (Jiao & Dibble,
2015, 2017b; Lam et al., 2019a), the most probable GOM species, such as BrHgONO,
BrHgONO2, BrHgOH, and BrHgOOH, do not appear to be particularly volatile or
thermally stable. Furthermore, once on the surface, these species may engage in exchange
reactions with each other (Ammlung et al., 1974; Spiro et al., 1961) or with other more
abundant chemicals, such as HCl, adsorbed to the surface from the air. These exchange
reactions on surfaces may potentially convert the original low-volatility chemicals, such as
BrHgONO, to volatile mercury-containing products, like HgClBr, which can be thermally
desorbed and will interfere with molecular analysis of GOM. For instance, BrHgCl
observed in the mass spectra of adsorbed and then desorbed HgCl 2 is thought to have been
produced in an exchange reaction with HgBr 2 present as a residue on the surface (Jones et
al., 2016).
A way to avoid artifacts stemming from sample pre-concentration is by excluding
that step entirely and using direct analysis instead. With direct analysis, a limit of detection
(LOD) for GOM in the range of parts per billion by volume (ppbv) is relatively simple to
achieve, opening an opportunity to conduct kinetic and mechanistic experiments in
laboratory, like it has been done with GEM (Donohoue et al., 2006; Donohoue et al., 2005).
For instance, Tong et al. (1999) have reported direct analysis of HgBr 2 by photo-fragment
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fluorescence spectroscopy, where the molecule was photolyzed with a 222 nm laser and
fluorescence from the excited mercury atom was measured at 253.7 nm. The LOD of 1
ppbv makes this method appropriate for laboratory studies of mercury chemistry, but t he
analysis can only be carried out in an inert atmosphere (e.g., argon) due to Hg* ( 3P1)
quenching by molecular oxygen. Furthermore, because of the relatively broad UV
absorption peaks (Francés-Monerris et al., 2020; Maya, 1977; Saiz-Lopez et al., 2018), the
capability to distinguish between different mercury-containing molecules is limited. The
use of this method for ambient GOM is less straightforward because the LOD would have
to be in the lower sub part per trillion (pptv) range.

1.2 Ion Drift-Chemical Ionization Mass Spectrometry
The sensitivity and chemical identification issues can be overcome using mass
spectrometry, or more specifically chemical ionization mass spectrometry (CIMS) with
multistage ionization, where the region of reagent ion generation is separated from the
region of neutral analyte ionization (Huey, 2007; Knop et al., 1985). In CIMS, the reagent
ion produced externally by electric discharge or radioactive source from precursor
chemical is injected into the sampled airflow and allowed to react with neutral analyte for
a specific time. By design, metastable and radical species formed in the ionization region
are prevented from interfering with ion-molecule chemistry, and the reagent ion can be
flexibly chosen to detect specific trace chemicals with high selectivity (Viggiano, 1993).
CIMS has been widely applied to atmospheric trace gases measurements. CIMS could be
modified to proton transfer reaction-mass spectrometry (PTR-MS) and ion-drift chemical
ionization mass spectrometry (ID-CIMS). For instance, the detection of volatile organic
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compounds (VOCs) (Lindinger et al., 1998) and nitric acid (Huey, 2007) using PTR-MS
and ID-CIMS, respectively. CIMS can be adapted to the ambient detection of ammonia
and amines (Hanson et al., 2011), VOCs (Jordan et al., 2009) using atmospheric pressure
chemical ionization-mass spectrometry (APCI-MS). Using chemical ionization at
atmospheric pressure (AP), ultrahigh sensitivity can also be achieved, with notable
examples being the detection of atmospheric sulfuric acid, methanesulfonic acid, and
hydroxyl radical (Eisele et al., 1991, 1993; Mount et al., 1992). For a 5-min integration
time in AP-CIMS, a LOD of 7×104 molecule cm -3 has been reported, while increasing the
integration time to 60 min allowed to improve the detection down to 2×10 4 molecule cm -3
(Eisele & Tanner, 1991; Mount & Eisele, 1992). Additionally, a CIMS instrument can be
equipped with an Ion Drift (ID) tube to improve control of ion-molecule reaction time and
ion clustering, resulting in an ID-CIMS (Fortner et al., 2004; Zheng et al., 2010). For
instance, PTR-MS utilizes H3O+ as a reagent ion and uses the electric field in the ion drift
tube to minimize H3O+ clustering with water molecules (Lindinger et al., 1998). With a
fast response time and a low detection limit, this technique has been applied extensively
for the detection of many important volatile organic compounds with proton affinities
higher than that of water (de Gouw et al., 2003).
Using quantum chemical calculations, Dibble et al. (2014) have evaluated the
applicability of PTR-MS towards the detection of GOM. The study investigated the
protonation of HgX2 (X = Cl, Br, and I) and BrHgY (Y = NO2, ClO, BrO, HOO) in
reactions with H3O+, showing that stable protonated products could be formed with HgI2
and with most of BrHgY, but not with HgBr 2 and HgCl2 due to their low proton affinity.
In principle, PTR-MS can be used for the detection of GOM in laboratory settings, but to
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achieve the required LOD for atmospheric detection, the drift tube would have to operate
at atmospheric pressure to increase the ion-molecule reaction time and decrease sample
dilution (Hanson et al., 2011). At atmospheric pressure, H3O+ is converted to hydrates
H3O+(H2O)n, which have significantly lower reactivities than H3O+, rendering most if not
all Hg-containing species non-detectable. De-clustering of H3O+(H2O)n is possible, but it
would require the use of prohibitively high drift tube voltage and temperature, which are
not technically feasible.

Figure 1.3 Ion drift - chemical ionization mass spectrometer.

ID-CIMS allows qualitative detection of chemicals and quantitative investigation
of their ion-molecule chemistry. The instrument consists of an ion source, an ion drift tube,
and a quadrupole mass analyzer (Figure 1.3). The sample can come from either ambient
air or a chemical reactor. In the common mass spectrometry technique, ion generation and
ion-molecule reactions happen in the same region, making more noise in the background.
ID-CIMS takes advantage of separating the reagent ion generation by corona discharge and
ion-molecule reactions in the drift tube as it reduces the signal background. Reagent ions
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(R) are generated from precursors in corona discharge, which is used as the ion source.
Positive or negative reagent ions (R+/-) can react with analyte molecules or radicals (X)
inside the ion drift tube to form product ions,

𝑋 + 𝑅 +/− → 𝑋 +/− + 𝑅

(1.10)

the drift tube allows precise control of the residence time and better ionization efficiency
due to constrained ion trajectories and velocities. Based on the ratio of the product -ion to
reagent-ion (Iproduct ion /Ireagent ion ) together with the residence time (t) and ion-molecule rate
constant (𝑘′), the gas phase concentrations of the product can be calculated (Equation 1.11),

[C] =

𝐼𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖𝑜𝑛 1
𝐼𝑟𝑒𝑎𝑔𝑒𝑛𝑡 𝑖𝑜𝑛 𝑘′ × 𝑡

(1.11)

the residence time (t) in the drift tube is determined by the gas flow rate, electric field,
pressure, and ion mobility. Thus, quantitative concentration measurement can be done by
ID-CIMS in the absence of calibration with authentic standards (Fortner et al., 2004)
because it only requires Iproduct ion /Ireagent ion , 𝑘′, and t (see Equation 1.11). To conclude, IDCIMS is a substantial solution for the experimental studies of atmospheric oxidized
mercury, and the ultimate goal is to find appropriate reagent ions for the oxidized mercury
detection.
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1.3 Research Objectives
To elucidate the atmospheric mercury chemistry, which includes kinetics, mechanism, and
detection of GOM in the atmosphere, this proposal has four major objectives: (1) Explore
a direct detection of GOM by chemical ionization mass spectrometry (CIMS) to enable
further investigations on heterogeneous reactions, gas phase oxidations, and field
measurements. (2) Investigate heterogeneous uptake of GOM on surfaces to improve
understanding of the gas-surface processes that form PBM. (3) Explore the exchange
reactions of GOM species on surfaces to help understanding artifacts during detection preconcentration. (4) Elucidate the kinetics and mechanism of gas-phase reactions of HgBr,
the principal intermediate in the oxidation of GEM in order to evaluate the lifetime of GEM
and molecular speciation of GOM. Figure 1.4 shows the project overview.

Figure 1.4 Overview of the study of the atmospheric mercury chemistry.
Task 1: Detection of atmospheric oxidized mercury. Investigate ion-molecule
reactions for the oxidized mercury detection to understand its molecular speciation, explore
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the detection of simple GOM (HgCl 2 and HgBr2) by ID-CIMS, and improve the sensitivity
of ID-CIMS by several orders of magnitude.
Task 2: Uptake of oxidized mercury by environmental surfaces. The removal
of GOM surrogates (HgCl 2 and HgBr2) on different surfaces which are made by inorganic
and organic materials. The reaction probabilities are determined to compare the reactivities
of GOM on different surfaces, which will help to understand the mechanism rate of GOM
transformation to form PBM.
Task 3: Exchange reactions of oxidized mercury on surfaces. A series of
exchange reactions between: 1) different GOM species, 2) GOM and other chemicals
which typically exist on current GOM collecting material (KCl coated denuder surface,
HCl absorbed on the Nylon, cation exchange membrane surfaces) are performed to
understand surface chemistry of mercury. Consists of a. explore exchange reactions of
GOM in aqueous phase and on the surface. The molecular speciation will be determined
by appropriate ionization reaction for GOM; b. investigate thermal decomposition of GOM
on the membranes that will help to understand bias in current detection method during
sample collection.
Task 4: Gas phase oxidation of elemental mercury. The kinetics and mechanism
of elemental mercury gas phase oxidation are studied in the following: a. elemental
mercury reacts with bromine radical to form HgBr radical; and b. generate and detect
HgBrONO, HgBrOOH in the gas phase by reacting HgBr radical with atmospherically
relevant chemicals (NO2, HO2).
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CHAPTER 2
EXPLORATION OF ION-MOLECULE CHEMISTRY
FOR DIRECT ANALYSIS OF GASEOUS MERCURY SPECIES
BY CHEMICAL IONIZATION MASS SPECTROMETRY

2.1 Introduction
The development and application of methods for operational and molecular speciation is
described in several detailed reviews (Gustin et al., 2015; Gustin et al., 2021a; Huang et
al., 2014; Lyman et al., 2020b; Pandey et al., 2011), so in the following we will outline
only the major differences between those methods, along with reported analysis
interferences.
The early methods for GOM and RM analysis relied on mist chambers (Stratton et
al., 1995), and already in those early studies, researchers raised concerns about possible
interferences caused by the presence of ozone and aerosols in ambient air (Lindberg et al.,
1998; Stratton & Lindberg, 1995). In addition to these wet methods, various types of filters
(e.g., Teflon and quartz), plugs (e.g., quartz wool), and membranes (e.g., ion exchange)
were introduced, where the collected GOM was either extracted by digestion as Hg 2+ or
thermally desorbed as GEM for subsequent analysis (Ebinghaus et al., 1999; Munthe et al.,
2001). A somewhat different approach relied on tubular and annular denuders coated with
gold (Xiao et al., 1991) or KCl (Feng et al., 2000), where the quantification of GOM was
performed by extraction or thermal desorption. Later, a repeated collection-desorption
cycling of the annual denuder was introduced for use in an automated system
commercialized by Tekran (Landis et al., 2002), where GOM collected in a KCl annular
denuder is thermally desorbed, pyrolysed into GEM, which is trapped on gold-coated sand,
and desorbed and analyzed by cold vapor atomic fluorescence spectroscopy (CVAFS).
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Although the Tekran system has found a broad use in research and regulatory monitoring,
there have been a number of concerns raised, including the undersampling of GOM under
certain conditions (Brosset et al., 1995) and a frequent lack of closure for the atmospheric
mercury mass balance based on all measured forms (Choi et al., 2013; Swartzendruber et
al., 2009). Further systematic studies have revealed that elevated ozone and high relative
humidity interfere with GOM detection, and it was suggested that GOM on the KCl surface
becomes converted into GEM through reactions initiated by ozone (Ambrose et al., 2015;
Lyman et al., 2012; McClure et al., 2014). Thus, subsequent efforts were focused on the
development of a system that avoids the use of the KCl denuder. For instance, in the
Detector for Oxidized Hg Species (DOHGS) (Ambrose et al., 2013), GOM is not collected
but measured as a difference between TGM and GEM, using two Tekran modules. The
sampled air is split into two flows, where the first flow is passed through a pyrolyser to
quantify TGM and the second flow is passed through an RM trap made of quartz wool to
remove RM and hence measure only GEM.
Later on, other research groups have modified the DOHGS system for use with a
single Tekran module instead of two (Gustin et al., 2019; Lyman et al., 2020c). When
further studies discovered that GOM was partially converted to GEM on the quartz wool
at an elevated humidity, the wool has been replaced with a cation exchange membrane
(CEM) (Ambrose et al., 2013). The high collection efficiency of CEM has been further
utilized to develop the Reactive Mercury Active System (RMAS and RMAS 2.0), where
RM and GOM are quantified by membrane digestion (Luippold et al., 2020; Lyman et al.,
2020c). Also, to distinguish GOM from RM, a PTFE filter was added before the membrane
to remove PBM (Gustin et al., 2021b). In principle, the CEM could be analyzed not only

20

by digestion, but also by thermal denuding. However, heating leads to membrane
decomposition that interferes with subsequent CVAFS quantification (Lyman et al., 2020c).
All the methods above are associated with pre-concentration and collecting
materials, which may scramble the detection. As I mentioned in Section 1.2, a direct
analysis method is such needed for GOM detection. Here I demonstrate the development
of a direct approach for laboratory detection of GOM, using the ion drift-chemical
ionization mass spectrometry (ID-CIMS).

2.2 Selection of Reagent Ions
An ideal reagent ion must meet several requirements. First and foremost, its reaction with
GOM must be spontaneous and generate a single (or only a few) product ion(s). This
criterion may not always hold for the broadest range of possible GOM and reagent ion
combinations. For instance, quantum chemical calculations have shown that H 3O+ can
protonate most oxygen-containing GOM and HgI2, but not HgCl 2 or HgBr2 because of the
low proton affinity of the latter (Dibble et al., 2014). Second, clustering of reagent ion with
water molecules should not reduce its reactivity significantly. Finally, the reactivity of
reagent ion towards other atmospheric trace gases, such as O3 and NO2, must be low
because their concentrations are many orders of magnitude higher than that of GOM,
potentially leading to the reagent ion depletion. Some additional requirements imposed on
the reagent ion precursor may include commercial availability, chemical stability, noncorrosiveness, and low toxicity. Obviously, no single reagent ion or its precursor is likely
to meet all of these requirements. SF 6–, CO3–, HNO3·NO3–, Cl–, and CH3COO– were
selected as reagent ions based on their prior use for the detection of trace gases in laboratory
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and field studies. Our previous group member, Dr. Francisco J. Guzman conducted
calculations of ion affinities with mercury compounds for all reagent ions. Matthew Cooper
has conducted qualitative detection studies using three different reagent ions (SF6–, CO3–,
HNO3·NO3–). My goal is (1) to extend the number of reagent ions from three pre-selected
to five reagent ions, including Cl– and CH3COO– and (2) to conduct quantitative
optimization of conditions for all five reagent ions under both ~2 Torr and near-ambient
pressures, includes measurements of sensitivity and limit of detection (LOD).
SF6– is a versatile reagent ion widely utilized in laboratory studies, where humidity
can be controlled, but it is less appropriate for atmospheric measurements because of the
rapid reaction with water (Arnold et al., 2001; Viggiano et al., 2005). In laboratory studies,
SF6– has been used for the detection of many chemicals, including ClONO 2, O3, NO2, N2O5,
and SO2 (Huey et al., 1995; Viggiano et al., 2005). Depending on the neutral co-reactant,
SF6– can react via electron transfer (Equation 2.1) or ion transfer (Equation 2.2)
mechanisms,

O3 + SF6– → O3– + SF6

(2.1)

HCl + SF6– → HClF– + SF5

(2.2)

often producing multiple products, which are indicative of complex transformation
pathways (Arnold & Viggiano, 2001; Huey et al., 1995). As an electron acceptor, SF6 was
used as an additive to isobutane (IB) for the detection of mercury halides using APCI-MS
(Deeds et al., 2015). In the case of HgCl 2 detection using IB/SF6, HgCl2–, HgCl3–, and
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HgCl2·F–were detected, but no ions related to IB, which caught our attention that SF6 may
potentially be used as a reagent ion precursor for the detection of HgCl 2 using ID-CIMS,
the ion-molecule reaction occurs via either electron transfer (Equation 2.3) or ion transfer
(Equation 2.4).

HgCl2 + SF6– → HgCl2– + SF6

(2.3)

HgCl2 + SF6– → HgCl2·F– + SF5

(2.4)

The CO3– ion often reacts via ion transfer. For instance, it collisionally transfers O–
to SO2 (Equation 2.5) (Jost et al., 2003; Salcedo et al., 2004) and SO3 (Arnold et al., 1995),
but abstracts H+ from the acids, such as HCOOH (Equation 2.6) (Viidanoja et al., 1998),
CH3COOH (Viidanoja et al., 1998), H2SO4 (Salcedo et al., 2004; Viggiano et al., 1997),
and HNO3 (Arijs et al., 1998). Clustering of CO3– with neutral molecules is also possible
(Salcedo et al., 2004; Viidanoja et al., 1998). At an elevated relative humidity, CO3– and
its ion products can cluster with water and this may lead to a decrease in the detection
sensitivity in some cases (Salcedo et al., 2004).

SO2 + CO3– → SO3– + CO2

(2.5)

HCOOH + CO3– → HCOO– + CO2 + OH

(2.6)
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The CO2·O2– ion, often present along with CO3–, has been used for the detection of
various acids, such as HCOOH (Equation 2.7) (Viidanoja et al., 1998), HNO3 (Amelynck
et al., 1994), and CH3SO3H (Schoon et al., 2002). Its reaction with acids proceeds by H+
abstraction and O2– transfer. In both cases, the product ion can cluster with a water
molecule or the second acid molecule.

HCOOH + CO4– → CO2 + O2–HCOOH

(2.7)

The nitrate ion NO3–, unlike the CO3– and CO2O2– ions, can deprotonate only
strong acids, such as H2SO4 (Equation 2.8) (Eisele & Tanner, 1993) and CH3SO3H (Schoon
et al., 2002), but with weaker acids and other molecules it reacts via clustering. This ion is
highly selective towards highly oxidized organic molecules (Ehn et al., 2014; Zhao et al.,
2010) and so it has received a wide use for the detection of such molecules in both field
and laboratory measurements (Bianchi et al., 2019; Kirkby et al., 2016; Tröstl et al., 2016;
Yan et al., 2016). A quantum chemical study has shown that NO3– binds to highly oxidized
organic molecules through hydrogen bonds and at least two hydrogen bond donor
functional groups are needed for such molecules to be detected by chemical ionization
mass spectrometry (Hyttinen et al., 2015). Clustering with water has only a minor impact
on the sensitivity when using NO3– (Arnold et al., 1995; Viggiano et al., 1997), but to
simplify the detection scheme, NO3– is often used as clustering with nitric acid,
HNO3·NO3– (Eisele & Tanner, 1993; Zheng et al., 2010).

H2SO4 + NO3– → HNO3 + HSO4–
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(2.8)

The chloride ion Cl– is expected to react via clustering. Cl- has high selectivity with
many organic molecules such as the Criegee intermediate (CH 2OO) (via Equation 2.9)
formed during SOA formation (Sakamoto et al., 2013) and the cyclopropyl bromide
(Colosimo et al., 1985).

CH2OO + Cl– → CH2OOCl–

(2.9)

It was reported that Cl– was used to detect Hg(0) via Equation (2.10), but the
spectrum of HgCl - in this paper did not match its isotope distribution, indicating the
spectrum was incorrectly interpreted or there is missing information in the paper
(Valadbeigi et al., 2020). However, the reaction of Hg with Cl - may still happen because
the

reaction

enthalpy

is

-9.8 kcal/mol. In that paper, Cl- can also cluster to form Cl2- to interfere with the detection
using CHCl3 as a reagent ion precursor. We hypothesized that Cl 2- may not form but only
Cl- if CH3Cl replaces CHCl 3 in the selection of Cl - precursor so that interferences are
reduced.

Hg + Cl– → HgCl–

(2.10)

Acetate, CH3COO-, is used as a reagent ion to selectively detect organic acids,
phenols, and hydroperoxides (Veres et al., 2008), or clustering with acetic acid to form
CH3COOH·CH3COO-, used for the detection of a wide range of carbonaceous compounds
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such as hydroxymethyl hydroperoxide and levoglucosan (Equation 2.11) (Brophy et al.,
2016; Inomata et al., 2017; Zhao et al., 2014). The ion-molecule reactions usually occur
via clustering (Equation 2.11) and hydrogen abstraction (Equation 2.12). HgCl 2 is also
expected to react with acetate or acetic-acetate cluster as a Lewis acid.

Levoglucosan + CH3COO– → Levoglucosan·CH3COO–

(2.11)

RCOOH + CH3COO– → RCOO– + CH3COOH

(2.12)

2.3 Experimental
Here we used ID-CIMS to investigate ion-molecule reactions of several commonly utilized
negative reagent ions (SF6–, CO3–, NO3–HNO3, Cl–, and CH3COO–) with HgCl 2, which
served as the GOM surrogate. We performed instrument calibration to determine the
sensitivity and LOD of ID-CIMS towards HgCl 2 and provide recommendation on how to
improve them in future studies. The instrument is shown in Figure 2.1A.
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Figure 2.1 Experimental system: (a) ion drift – chemical ionization mass spectrometer; (b)
HgCl2 source for low concentration calibration; and (c) HgCl 2 source for high
concentration calibration.

Three sources for introducing gaseous HgCl 2 in a flow of helium were tested: a
plug of HgCl 2-impregnated fiberglass wool inside a ¼ inch outer diameter (OD) glass tube,
a glass impinger with its inner wall coated by a layer of solid HgCl 2, and crystalline HgCl2
powder packed between two plugs of deactivated glass wool inside a ¼ inch OD glass tube.
The latter source performed the best and was used in all of experiments reported here. The
gas-phase concentration of HgCl 2 was calculated based on the temperature dependence of
the HgCl2 saturation vapor pressure reported by Bernard et al. (1997). Reagent ions were
generated by passing a trace amount of an appropriate precursor in a carrier gas through
the afterglow of a corona discharge established between a stainless steel needle inside a
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stainless steel tube (Ferguson et al., 1969; Fortner et al., 2004). The voltage drop across the
discharge gap was around 500 V and the electric current was limited by two 2-MΩ resistors,
one at each side of discharge.
The SF6– reagent ion, along with a small amount of SF 5- (SF6–:SF5– = 10:1), was
generated from SF6 in N2. The CO3–, along with small amount of CO2·O2– was produced
from CO2 in O2. The NO3–(HNO3) reagent ion, along with small amounts of NO3– and
NO3–(HNO3)2, was generated from HNO3 in N2. The Cl– was generated from CH3Cl in N2.
The CH3COO– , along with CH2CO– (CH3COO– CH2CO– = 3:1) was generated from acetic
anhydride in N2. The purpose of the drift tube was to control the ion paths, ion clustering,
and ion-molecule reaction time. In the presence of a 10-20 V cm-1 electric field at a 1.5-2.1
Torr pressure (corresponding to an electric field to number density ratio E/N of 20–29 Td,
where 1 Td = 1 Townsend = 1017 V cm2), the ions were constrained to a relatively narrow
beam of about 2 mm diameter (Hanson et al., 2003). The collimated ion beam entered the
first vacuum chamber through a 0.3 mm pinhole where the majority of neutral gas
molecules were pumped away; the beam was then focused using a set of ion optics and
introduced to the second chamber, where the ions were detected with a quadrupole mass
spectrometer. A typical count rate of the reagent ion signal was 3-5 MHz or Mcps. The
chambers were differentially pumped using two Agilent TwisTorr 304 FS turbo pumps (250
L s-1 pumping speed). The mass spectrometer was Extrel (19 mm quadrupole, 880 kHz
oscillator, 5221 Command System, 2-1000 amu mass range) with a DeTech 402A-H
electron multiplier and a counting pre-amplifier (MTS-100, Advanced Research
Instruments). All gases were of the Ultra High Purity (UHP) grade as supplied by Airgas.
SF6 was provided as 15% of it in argon by Airgas. Chemicals were of an ACS reagent or
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better quality and were used as purchased: mercury (II) chloride (31005-100G, Honeywell),
chloromethane (≥ 99.5%, Sigma Aldrich), acetic anhydride (99.5%, Sigma Aldrich), and
nitric acid (9601-04, Avantor).

2.4 Detection of HgCl 2 Using Different Reagent Ions
2.4.1 Detection of HgCl 2 Using SF6–

Figure 2.2 Mass spectra of (a) reagent ions generated by sending SF 6 in N2 through corona
discharge and (b) corresponding product ion HgCl 2F– generated in the presence of HgCl 2.
The displayed mass spectrum of reagent ions was obtained using a lower electron multiplier
voltage to prevent signal saturation.
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Figure 2.2a shows reagent ion mass spectrum generated by sending ~200 part per million
by volume (ppmv) SF6 in N2 through the plasma of the negative corona discharge. The two
major peaks at m/z 127 and 146 amu correspond to SF5– and SF6– ions, present in a ratio of
1 to 10. All other peaks were less than 1% of the SF 6– peak. The SF6– signal intensity
typically was 3.5-5.7 MHz at a 1900 V electron multiplier voltage, as estimated from the
signal of 34SF6– at m/z 148 amu, using the standard isotopic abundances of 32S and 34S. The
less abundant isotope was monitored to prevent the signal saturation and also to extend the
multiplier lifespan.
Figure 2.2b shows the mass spectrum of the only product ion, which was observed
upon the addition of ~2×1010 molecule cm -3 gas-phase HgCl 2 to the ion drift tube. The
signal was a multiplet centered at ~290 amu, with the peak intensity of ~5.8 kHz. This
multiplet is a superposition of seven Hg isotopes (m/z 196, 198–202, and 204 amu) and
two Cl isotopes (m/z 35 and 37 amu). Based on the unique distribution of peak intensities
calculated using the online tool (Manura et al., 1996-2009), we identified this ion product
as HgCl2·F– via Equation (2.4) (Figure 2.3). The scans of the lower and higher m/z ranges
showed no other significant peaks that could be assigned to the mercury-containing ions.
For instance, we detected no peaks corresponding to HgCl 2– or HgCl2·SF6–, which could
have been produced via electron transfer (Equation 2.3) and ion clustering reactions,
respectively. The latter product ion, HgCl2·SF6–, might be produced but then decomposed
in the strong electric field in the drift tube.
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Figure 2.3 Measured and calculated mass spectra of HgCl 2F–. The stick spectrum (red)
was calculated using isotope distributions of mercury, chlorine, and fluorine.

2.4.2 Detection of HgCl 2 Using CO3–
Figure 2.4a shows a mass spectrum obtained in the afterglow of corona discharge, using
~100 ppmv CO2 in O2. The major ion observed was CO3– (m/z 60 amu). Other relatively
abundant ions were CO2O2– (76 amu) and HCO3– (61 amu). In some cases, small amounts
of hydrate CO2O2–H2O (94 amu) were detected. Due to the contribution of HCO3– at m/z
61, the theoretical isotopic ratio could not be used to derive the ion signal of CO 3– at the
full electron multiplier voltage. Instead, the experimental ratio of m/z 60 over m/z 61 at a
lower voltage was measured and used for the reagent ion signal estimation.
Several other ions were also present in much smaller quantities, including O – (16
amu), OH– (17 amu), O2– (32 amu), NO2– (46 amu), O3– (48 amu), and O2–H2O (50 amu).
The first step is the ionization of O2, producing O–, O2–, O3–, and O4–, most of which in the
presence of CO2 react rapidly to form CO3– and some CO2O2–. Once formed, CO3– and
CO2O2– can both react with the neutral O to generate O2– and CO3–, respectively. This
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could explain why there is typically more CO3– relative to CO2O2–. The discharge is also
responsible for the generation of NO2–, either from N2 impurity in O2 or from traces of
HNO3. Similarly, hydrates O2–H2O and CO2O2–H2O were formed through the
complexation of the residual water vapor with the corresponding bare ions produced in the
discharge.

Figure 2.4 Mass spectra of (a) reagent ions generated by corona discharge in CO 2/O2 and
(b) corresponding product ions formed in the presence of HgCl 2. The displayed mass
spectrum of reagent ions was obtained using a lower electron multiplier voltage to prevent
signal saturation.

Figure 2.4b shows that multiple product ions were formed upon introducing HgCl 2.
The signals were characteristic multiplets with isotope distributions corresponding to
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HgCl2– (266–278 amu), HgCl 2O– (282–294 amu), HgCl 2O2– (298–310 amu), HgCl 2O3–
(314–326 amu), and HgCl 2CO3– (326–338 amu). The signal of HgCl 2O2–CO2 (342–354
amu) was weak and observed only occasionally. The strongest peak was HgCl 2CO3–,
which is formed via clustering of HgCl 2 with CO3- (Equation 2.13), typically followed by
HgCl2O– and HgCl2O2–, and then by HgCl 2O3– and HgCl2–. Notably, none of the detected
product ions was clustered with water, even under conditions when some of reagent ions
were hydrated, pointing to the low hydration energies of product ions.

HgCl2 + CO3– → HgCl2CO3–

(2.13)

2.4.3 Detection of HgCl 2 Using NO3–HNO3
Several reagent ions could be formed in this system, including NO 2–, NO3–, NO3–HNO3,
and NO3–(HNO3)2 depending on the electric field and nitric acid concentration in the drift
tube. In our experiments, conditions were typically adjusted to have NO 3–HNO3 as the
major ion (m/z 125 amu), with small amounts of NO3– (62 amu) and NO3–(HNO3)2 (188
amu), as shown in Figure 2.5a.
In the presence of an excess HNO3, the nitrate ion can form NO3–HNO3 and then
NO3–(HNO3)2. Increasing the HNO3 concentration drives the formation of larger
NO3(HNO3)n– clusters, where n progressively increases from 0 to 2. On the contrary,
increasing the electric field in the drift tube results in the dissociation of clusters, i.e.,
resulting in a smaller n. In most of our experiments, the electric field was optimized first
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to improve ion transmission and then the HNO3 concentration was adjusted to achieve the
desired cluster distribution, which is shown in Figure 2.5a.

Figure 2.5 Mass spectra of (a) reagent ions generated by corona discharge in HNO3/N2 and
(b) corresponding product ion formed in the presence of HgCl 2. The displayed mass
spectrum of reagent ions was obtained using a lower electron multiplier voltage to prevent
signal saturation.

According to Figure 2.5b, the only product ion detected using the reagent ion
distribution of Figure 2.5a was HgCl 2NO3– (m/z 328–340 amu) via ion transfer of NO3–
with HgCl2 (Equation 2.14). However, when using a lower concentration of HNO3 in the
drift tube, we also observed HgCl 2NO2– (312 and 324 amu), which was produced via
clustering of HgCl 2 with leftover NO2– (Equation 2.15).
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HgCl2 + NO3–HNO3 → HgCl2NO3– + HNO3

(2.14)

HgCl2 + NO2– → HgCl2NO2–

(2.15)

2.4.4 Detection of HgCl 2 Using Cl–
The only reagent ion Cl– (m/z 35 amu) was generated (Figure 2.6a) using CH3Cl/N2 as
reagent gas through corona discharge, providing a much cleaner signal background in the
system, not like NO3- and CO3-. The only product ion, HgCl3– (m/z 299–317 amu), was
detected. Nearly no clusters of Cl - with other molecules were detected to interfere with the
product ion formation with HgCl2. The normalized sensitivity of Cl- was approximately ten
times smaller when compared with the other three reagent ions (SF6–, CO3–, and
HNO3·NO3–), although it has a cleaner background and less interference from clusters. The
details of sensitivities and LOD are provided in section 2.6.

HgCl2 + Cl– → HgCl3–
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(2.16)

Figure 2.6 Mass spectra of (a) reagent ions generated by corona discharge in CH 3Cl/N2
and (b) corresponding product ion formed in the presence of HgCl 2. The displayed mass
spectrum of reagent ions was obtained using a lower electron multiplier voltage to prevent
signal saturation.

2.4.5 Detection of HgCl 2 Using CH3COOAs shown in Figure 2.7a, only two reagent ions, CH3COO- (m/z = 59 amu) and CH2CO(m/z = 42 amu), were produced in corona discharge using acetic anhydride/N2. The
CH3COO- was formed via decomposition of acetic anhydride, whereas CH2CO- formed via
secondary chemistry.
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Figure 2.7 Mass spectra of (a) reagent ions generated by corona discharge in acetic
anhydride/N2 and (b) corresponding product ion formed in the presence of HgCl 2. The
displayed mass spectrum of reagent ions was obtained using a lower electron multiplier
voltage to prevent signal saturation.
A previous study has reported that clusters of acetate, CH3COOH·CH3COO- (m/z
= 119 amu), but we did not observe it using corona discharge because our ion-molecule
reaction occurred at low pressure (~2 Torr) (Inomata & Hirokawa, 2017). We used
CH3COO- as the major reagent ion in our experiments. In the presence of HgCl2, both
CH3COO- and CH2CO- react with HgCl 2 via clustering (Equation 2.17a, b) to form
HgCl2·CH3COO- and HgCl2·CH2CO-, the spectra were shown in Figure 2.7b.

HgCl2 + CH3COO– → HgCl2·CH3COO–
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(2.17a)

HgCl2 + CH2CO– → HgCl2·CH2CO–

(2.17b)

2.5 Detection of Hg(0) Using O2+ and ClTo be able to measure Hg(0) using ID-CIMS and evaluate the contribution from the
dissociative pathway leading to Hg(0) in our experiments, we need to establish a calibration
for the detection of Hg(0) using ID-CIMS. The Hg(0) was introduced to the reactor in a
flow of N2 over an impinger containing liquid mercury, which was at room temperature or
heated to 90 ºC. We tried both O2+ and Cl- as reagent ions for the detection of Hg(0).

Figure 2.8 Mass spectra of (a) reagent ions generated by corona discharge in O 2/He and
(b) corresponding product ion formed in the presence of Hg 0. The displayed mass spectrum
of reagent ions was obtained using a lower electron multiplier voltage to prevent signal
saturation.
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O2+ was generated through corona discharge in a mixture of He with a few percent
of O2. The only reagent ion formed was O2+ (m/z 32 amu) (Figure 2.8a). As shown in Figure
2.8b, the only detected product ion was Hg+ (m/z 195–206 amu) formed via electron
transfer (Equation 2.18),

Hg + O2+ → Hg+ + O2

(2.18)

The Cl- was generated through corona discharge in CHCl 3/N2. Although Hg(0)
detection using Cl - as the reagent ion was reported (Valadbeigi et al., 2020), where HgCl was observed, we did not see any product ion of Cl - with Hg(0) in our system. The binding
energy is ~ 10 kcal/mol in HgCl-, which may not survive at the exit of our drift tube where
the focusing electric field is 30-40 V, so our future work is to reduce the electric field but
maintain the sensitivity.

2.6 Sensitivity and Limit of Detection of ID-CIMS towards Mercury Species
2.6.1 HgCl2
To determine the sensitivity and LOD of ID-CIMS towards HgCl 2, the instrument was
calibrated over two HgCl 2 concentration ranges, (0.3–5.2)×109 and (0.2–1.2)×1011
molecule cm -3, as measured in the drift tube. These concentrations translate into
approximately 5–80 ppbv and 290–1760 ppbv mixing ratios because at a 2.1 Torr pressure
and 295 K, 1 part per billion by volume (ppbv) corresponds to 6.8×10 7 molecule cm -3.
Calibrations in both ranges were performed using a HgCl 2 source that operated at two
different pressure and temperature sets of conditions.
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For the low-concentration range, method 1 was used (Figure 2.1b), where a plate
with a 0.5 mm pinhole was installed between the drift tube and HgCl 2 source, allowing
maintaining a 360 Torr pressure in the HgCl 2 source region and a 1.9-2.1 Torr pressure in
the drift tube. A constant flow of 10 standard cubic centimeters per minute (sccm) helium
carrier passed through the HgCl 2 source, producing a 21 ccm volumetric flow saturated
with HgCl2. The gas-phase concentration of HgCl 2 was varied by changing the source
temperature. The carrier flow was then mixed with a 150 sccm flow of nitrogen diluent,
which was pre-heated to the same temperature as that of the HgCl 2 source.
For the high-concentration range (method 2), the pinhole plate was removed and
hence the HgCl 2 source was kept at the same 1.9-2.1 Torr pressure as the drift tube (Figure
2.1c). The entire assembly was at a room temperature and the gas-phase concentration of
HgCl2 was varied by changing the carrier flow (2–10 sccm) while keeping a constant
diluent flow (150 sccm). Thus, a significantly larger amount of the HgCl 2 analyte was
delivered to the drift tube by a 720-3620 ccm saturated volumetric carrier flow.
Figure 2.9a shows calibration plots obtained in the 5-80 ppbv HgCl 2 range with
three different reagent ions. The signals correspond to the most abundant peak in each
product ion multiplet, i.e., m/z 291, 334, and 332 amu for HgCl 2F–, HgCl2NO3–, and
HgCl2CO3–, respectively. The largest slope was observed with SF 6– and it was followed
by NO3–HNO3 and CO3– reagent ions. Using these slopes and accounting for the sample
dilution by the reagent ion carrier, experimental sensitivities Sexp of 2.4, 0.8, and 0.9 Hz
ppbv-1 were obtained.
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Figure 2.9 Dependence of: (a) the product ion signal and (b) the normalized product ion
signal on the calculated concentration of HgCl 2 in the drift tube generated using method 1.
The signal was normalized to 1 MHz reagent count rate. Product ions HgCl 2F–,
HgCl2NO3–, and HgCl2CO3– were produced using SF6–, HNO3NO3–, and CO3– reagent
ions, respectively. Gas flow containing HgCl 2 was introduced into the drift tube (1.9-2.1
Torr) through a pinhole from a mixing chamber (360 Torr). The concentration of HgCl 2 in
the mixing chamber was varied by adjusting the temperature of a solid HgCl 2 sample,
which was continuously purged with 10 sccm He and then diluted with 150 sccm N2 heated
to the same temperature as the sample.

Figure 2.9b demonstrates that when the data were plotted using the normalized
counts per second (nHz or ncps), nominal experimental sensitivities were 0.43, 0.19, and
0.24 Hz ppbv-1, respectively. Non-zero intercepts (20–70 Hz) were frequently observed
due to HgCl 2 adsorbed on the mixing chamber wall, which was not heated. Closing the
valve to separate the mixing chamber from the drift tube reduced the background signal
down to ~1 Hz. With the drift tube separated from the calibration source, LOD was 1.1,
7.4, and 4.6 ppbv, using SF6–, NO3–HNO3, and CO3– reagent ions, respectively, for a 10 s
integration time and assuming a signal to noise ratio S/N = 2. It should be noted that LOD
was strongly dependent on the cleanliness history of the mixing chamber and drift tube.
The values quoted above were obtained for the system that was operated with the
calibration source over several weeks.
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Figure 2.10 Dependence of the product ion signal on the calculated concentration of HgCl2
in the drift tube measured using method 2 for: (a) SF6–, (b) HNO3NO3–, and (c) CO3–
reagent ions. Product ions are HgCl 2F–, HgCl2NO3– and HgCl2CO3–, respectively.

Figure 2.10 (a, b, and c) show a good linearity in the calibration plots obtained using
higher concentrations of HgCl 2, with sensitivities of 1.7, 0.6, and 0.8 Hz ppbv -1, in
agreement with those at lower concentrations. Replacing the nitrogen diluent with filtered
ambient air at a 40-50% relative humidity resulted in a 0.4% mixing ratio of water vapor
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in the drift tube but had no notable effect on the detection sensitivity under our analysis
conditions.
2.6.2 Hg(0)
The sensitivity of ID-CIMS towards Hg0 was determined using O2+ as the reagent ion. The
calibration was conducted in the drift tube under 1.5-2.1 Torr pressure and 293 K. The Hg0
concentration ranges are (0.8–1.4)×1011 (method 1) and 6.2×1011–1.4×1013 (method 2)
molecule cm -3 in the drift tube, corresponding to 1.51–2.12 and 12–223 ppmv mixing ratios,
respectively, where 1 part per million by volume (ppmv) corresponds to 5×10 10 molecule
cm-3.
The Hg0 calibration plots for high (6.2×1011–1.4×1013 molecule cm-3) and low
((0.8–1.4) ×1011 molecule cm -3) Hg0 concentration ranges are shown in Figures 2.11a and
Figure 2.11c, respectively. The signals correspond to the most abundant peak in the Hg +
multiplet, m/z 202 amu. The slope for the higher concentration range is six times lower
than the slope for the lower concentration range. In the case of HgCl 2, there is good
agreement between low and high concentration ranges as the carrier gas helium passes
through the column of loosely packed HgCl 2 powder to provide sufficient contact surface
area and contact time but not for Hg 0, which was introduced into the system by N2 carrier
over Hg(0) source inside an impinger so that there is limited contact time between carrier
gas and Hg0.
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Figure 2.11 Dependence of (a) Hg+ signal and (b) the normalized Hg+ signal on the
calculated high concentration range of Hg0 (6.2×1011–1.4×1013 molecule cm -3 or 12–223
ppmv) using method 2 and (c) Hg+ signal and (d) the normalized Hg+ signal on the
calculated low concentration range of Hg0 (0.8–1.4×1011 molecule cm -3 or 1511–2119
ppbv) using method 1, respectively, in the drift tube. The signal was normalized to 1 MHz
reagent count rate. Hg+ was produced using O2+ reacting with Hg0. Gas flow containing
Hg0 was introduced into the drift tube (1.9-2.1 Torr) directly (a and b) or through a 1/8 inch
pinhole (c and d) from a mixing chamber. The concentration of Hg0 in the mixing chamber
was varied by adjusting the Ar flow through a liquid Hg0 sample and then diluted with 208
sccm He.

Using the slopes and accounting for the sample dilution by the reagent ion carrier,
experimental sensitivities Sexp of 0.15 and 0.92 Hz ppbv-1 were obtained for the
concentration ranges of 6.2×1011–1.4×1013 molecule cm -3 and (0.8–1.4) ×1011 molecule
cm-3. The normalized count per second (ncps) (Hanson et al., 2003; Warneke et al., 2001),
nominal experimental sensitivities (i.e., at a 1 MHz reagent ion signal) were 90 and 570 Hz
ppmv-1 in Figure 2.11b and 2.11d, respectively. The background signal where ~ 20 Hz non44

intercepts exist would drop down to 1 Hz when closing the valve to separate the mixing
chamber from the drift tube. The LOD was 0.6 ppbv, corresponding to 4 ×108 atom cm-3,
for a 10 s integration time and assuming a signal to noise ratio S/N = 1.5.

2.7 Steps to Improve LOD and Atmospheric Detection
Using HgCl 2 as a surrogate, we demonstrated that ID-CIMS could be applied for direct
detection of GOM. The 2.4 Hz ppbv-1 sensitivity and 1.1 ppbv LOD obtained with SF6– are
more than sufficient for laboratory studies of mercury chemistry, including gas-phase
oxidation and gas-surface uptake. However, current performance values fall short of the
sensitivity and LOD required for direct detection of GOM in the lower troposphere, where
its concentration rarely exceeds 100 pg m -3 (Travnikov et al., 2017), a value that
corresponds to 3×105 molecule cm -3 or 0.015 part per trillion by volume (pptv) at
atmospheric temperature and pressure. Below, we discuss factors that limit the sensitivity
and LOD of our ID-CIMS relative to comparable instruments and propose modifications
for making direct detection of atmospheric GOM possible.
A state-of-art ID-CIMS (or PTR-MS) with a drift tube operating at a 4-10 Torr
pressure may attain a sensitivity as high as 200-1000 Hz ppbv-1 and an LOD as low as 10100 ppt (Hanson et al., 2009; Levy et al., 2014). In terms of hardware, major contributors
to the higher sensitivity relative to our system are a larger displacement turbo pump (e.g.,
650 L s-1) and the presence of a tri-filter quadrupole, which combined allow extraction of
a larger number of ions from the drift tube (×3) and mass-filtering those ions at a higher
transmission rate (×2), respectively. Operating our drift tube at 4 to 10 Torr pressure would
provide an additional (×2-5) boost in sensitivity due to a longer ion-molecule reaction time,
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whereas keeping the drift tube at an elevated temperature (50-70 C) would reduce
background signal from the adsorbed analytes, improving the LOD. An additional gain in
sensitivity (×2-3) can be attained by using a higher multiplier voltage (a sub-optimal
voltage was used in our study to preserve the multiplier lifespan). Finally, it should be
noted that the total signal of mercury ions is distributed among several isotopes, where the
strongest isotope contributes approximately 26% of the total sum. Hence, the sensitivity to
mercury is a factor of 4 lower than the sensitivity to chemicals that contain no multiple
abundant isotopes.
Another way to improve sensitivity is to change the electric field configuration in
the drift tube. By adding a parallel 0.5 MΩ resistor in the drift tube, the electric field in the
drift tube was decreased from 11 V/cm to 3 V/cm; the signal intensity was enhanced by 15
times, leading to a boost in normalized sensitivity about 15 times. The reasons are (1). A
lower electric field leads to better focusing of ions; (2). Longer ion-molecule reaction time
in the drift tube. As described in Equation (1.11), the product ion intensity is proportional
to the reaction time.
More improvements in the sensitivity and LOD were made, including replacing the
quadrupole and enlarging the pin hole. The old quadrupole was replaced by a 19 mm trifilter quadrupole, which improves the transmission and peak shape, leading to a twice
higher sensitivity in the detection. Noted that the chamber separator had to be replaced as
well in order to fit the tri-filter quadrupole, whose cables and connections took slightly
more space than the old quadrupole, into the vacuum chamber. Meanwhile, since the hole
pattern and enclosure of the tri-filter quadrupole are slightly different from the old
quadrupole, ions generated by the ionization gauge can fly directly into it, producing noises
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in the lower mass region (10-50 amu), a 1/2 inch stainless steel elbow has to be inserted to
prevent the noises from the ionization gauge entering the new quadrupole. To increase the
number of ions passing through the pin hole, we replaced the 0.3 mm pin-hole plate with a
0.4 mm pin-hole plate, which requires better pumping to maintain the same pressure in the
region between the mass spectrometer and the drift tube, so that an Agilent Twis Torr
304FS turbopump was added to that region. The product ion intensity remains the same,
which means that the ion beam and focusing are reasonable when passing the pin hole.

Table 2.1 Relative Sensitivity for the Modifications Made in ID-CIMS Compared Against
its Initial Sensitivity
Increase in
sensitivity
After modifying the drift tube
×15
After replacing quadrupole
×2
After increasing the pin-hole diameter
1
Instrumental modifications

The most significant improvement in sensitivity in the future, by nearly 3 orders of
magnitude, can be achieved by switching to multi-stage atmospheric pressure chemical
ionization. Operating the drift tube at atmospheric pressure eliminates the dilution of the
analyte and allows a significantly longer ion-molecule reaction time. A sensitivity of 500
Hz pptv-1 with an LOD of (2-5)×104 molecules cm -3 has been achieved using this approach
for analytes with molecular weights of around 100 amu, such as sulfuric acid (Eisele &
Tanner, 1993; Zheng et al., 2010).
To reduce mass discrimination and improve sensitivity when analyzing
significantly heavier mercury-containing ions where the signal is comprised of several
isotopes, the use of a lower mass resolution will be beneficial. For instance, increasing Δm
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to 1.6 amu in our system resulted in a factor of 3 increase in the signal intensity and a
proportional increase in the sensitivity (Figure 2.12). As shown by Eisele and Hanson, a
more substantial decrease in the resolution (Δm ~ 10) may afford a 20-fold increase in the
signal intensity at m/z 500 amu (Eisele et al., 2000). Note that decreasing the resolution
may cause mercury peaks to overlap with the ones produced by other chemicals, so future
work should focus on elucidating reagent ions that react with mercury-containing
molecules with high selectivity. Another important factor to consider is that the ionmolecule reactions must be fast and produce a single ion product, which is strongly bound.
Overall, we estimate that at a 1 amu resolution, AP-CIMS can achieve an LOD of (820)×104 molecules cm -3 for GOM. Reducing the resolution, can bring the LOD to the same
level as reported for H2SO4 (Eisele & Tanner, 1993; Zheng et al., 2010).

Figure 2.12 Mass spectra of HgCl 2F– obtained using high, normal, and low quadrupole
resolutions, corresponding to ∆m of approximately 0.4, 0.9, and 1.6 amu.
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CHAPTER 3
HETEROGENEOUS UPTAKE OF
GASEOUS OXIDIZED MERCURY ON SURFACES

3.1 Introduction
Atmospheric deposition is an important source of various toxic chemicals for surface
waters and terrestrial environments. Atmospheric mercury is deposited through dry
deposition (ocean and surfaces) and wet deposition (aerosol particles, rain droplets), which
is considered as an important removal pathway of GOM and PBM. However, studies of
GOM and its interaction with environmental surfaces were limited by the current detection
method, which cannot provide molecular speciation of GOM. This section aims to study
heterogeneous uptake of GOM surrogates on environmental surfaces, including inorganic
salts and organic compounds. Experiments are performed in a fast flow reactor coupled
with ID-CIMS. The mechanisms are determined by changing GOM surrogates and
changing inorganic/organic aerosol substrates on the surfaces. Reactivities of GOM on
different surfaces are affected by the surface composition and structure of molecules that
are applied on the surface. Mercury chloride, mercury bromide, and mercury iodide are
used as surrogates of GOM.

3.2 Selection of Gas and Surfaces
3.2.1 Selection of GOM Surrogate
We selected HgCl 2, HgBr2, and HgI2 as a GOM surrogates for our experiments, following
the finding that it behaves similarly to atmospheric GOM with respect to capture by
denuders (Malcolm et al., 2009). These chemicals are commercially available, chemically
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stable, readily transferred to the gas phase, and detected by ion drift-chemical ionization
mass spectrometry (ID-CIMS) (Khalizov et al., 2020). As Lewis acids (Cotton et al., 1980),
mercury halides readily bind with negatively charged ligands both in the gas phase
(Khalizov et al., 2020) and in aqueous solutions (Sjoberg, 1977).
3.2.2 Selection of Surfaces
Aerosols are liquid or solid particles suspended in the air and generated from natural and
anthropogenic sources. These small particles can provide sufficient surfaces for the wet
deposition and are typical of sizes in the range of few nanometers to tens micrometers. The
chemical composition of aerosols may affect the gas-surface reactions of GOM. Natural
aerosols include sea salt generated from breaking waves, mineral dust blown from the
surface by wind, and organic aerosols from biogenic emissions. Anthropogenic aerosols
include sulfate, nitrate, and carbonaceous aerosols and are mainly from fossil
fuel combustion sources. In general, I choose two types of aerosol surfaces for the uptake
experiments: inorganic salts and organics.
Inorganic salts. Atmospheric aerosols are made of a large number of organic and
inorganic compounds, where the inorganics can contribute up to 25-50% of the total dry
fine particle mass (Heintzenberg, 1989; Jimenez et al., 2009). Although the fractional
composition varies widely between different locations, certain inorganic constituents are
ubiquitous in the majority of atmospheric particles. Ammonium, sulfate, and nitrate ions
are common in urban aerosols; sodium, chloride, and sulfate ions are some of the major
ions in marine aerosols; various oxides are the principal constituents of mineral dust.
Accordingly, we selected ammonium sulfate ((NH4)2SO4, Sigma Aldrich, ≥ 99%) and
ammonium nitrate (NH4NO3, Acros Organics, > 99%) to represent fine urban aerosols,
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sodium chloride (NaCl, Fisher Scientific, ≥ 99%) and sodium sulfate (Na 2SO4, Sigma
Aldrich, ≥ 99%) for sea salt, and the surface of an untreated frosted borosilicate glass tube
for mineral dust.
Organic compounds. Organic aerosols in the atmosphere contain a multitude of
organic species which are either directly emitted or produced by a series of chemical
reactions. Organic species are the most abundant aerosol species in both urban and rural
areas (Pöschl, 2005). Hydrogen to carbon atomic ratio (H:C) and the oxygen to carbon
atomic ratio (O:C) are good indicators of atmospheric oxidation of organic aerosols (Kroll
et al., 2011). Here, I used several carbonaceous aerosols of primary and secondary origin
as organic surfaces. Primary combustion aerosols were represented by soot, levoglucosan
(H:C=5:3), and polycyclic aromatic hydrocarbons (PAHs, such as perylene and pyrene).
Secondary aerosols were represented by carboxylic acids (succinic, pimelic, and citric acid)
and dioctyl sebacate (DOS). Soot and PAHs are produced by combustion processes,
levoglucosan is the indicator of biomass burning. Organic acids are chosen because they
are soluble, commonly exist in aerosols. HgCl 2 is expected to partitioning differently on
these organic aerosols with different ratios of O:C and H:C.

3.3 Experimental
Gas-surface uptake of HgCl 2 was studied using a fast flow reactor coupled to an ion driftchemical ionization mass spectrometer (ID-CIMS, Figure 3.1) (Khalizov et al., 2020; Qiu
et al., 2011). Measurements were conducted by exposing gaseous HgCl 2 to an inorganic
salt surface and then detecting the unreacted gaseous HgCl 2 by converting it to the
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HgCl2·NO3– product ion through the ion-molecule reaction with HNO3·NO3– (Equation
2.4).

Figure 3.1 A fast-flow reactor coupled to an ion drift - chemical ionization mass
spectrometer.
The reagent ion was generated from a trace amount of HNO3 vapor in N2 gas in the
corona discharge (Figure 3.1) (Khalizov et al., 2020). Gaseous HgCl 2 in helium (1-10 sccm)
was introduced into the flow reactor through a movable injector. The source of HgCl 2 was
a glass impinger with a solid HgCl 2 layer coated on the inner wall or, in later experiments,
a column of crystalline HgCl 2 powder packed between two plugs of deactivated glass wool.
The carrier helium flow (135 sccm) was introduced through the side inlet at the back of the
reactor. All

gas

flows were

monitored/controlled by

calibrated mass flow

meters/controllers. To minimize HgCl 2 wall adsorption, the reactor wall was deactivated
by pre-treating it with dichlorodimethylsilane (DCDMS). The reactor temperature and
pressure were 293±2 K and 1.8-2.0 Torr, respectively.
Inorganic salts were used in the form of a polycrystalline coating layer deposited
on the inner surface of a frosted glass tube (1.56 cm inner diameter and 10 cm length),
which was placed inside the reactor (2 cm inner diameter and 30 cm length). To prepare
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the coating layer, the frosted tube was rinsed inside with the saturated solution of inorganic
salt and then dried in a rotating holder in a flow of nitrogen (Landis et al., 2002). To obtain
thicker coats, the rinse-dry procedure was repeated several times. To ensure a uniform layer,
coating and drying steps were performed in custom-made devices (details described in
Section 3.3.1). The coating layer uniformity, critical for obtaining reproducible uptake
results, was found to be within 10% between the two halves of the tube, using dissolution
experiments (details described in Section 3.3.2). In several experiments, we attempted to
detect the release of Hg(0) from the surface, using the O2+ reagent ion (Equation 2.7).
In the case of organic coatings, PAH coatings were dissolved in acetone, then
applied the solution on the frosted tube surfaces to let acetone evaporates by flowing
nitrogen. DOS liquid was applied directly to the frosted glass tube without further drying.
The soot was generated by burning propane onto the glass tube, where coating thickness
was estimated based on a previous study (Khalizov et al., 2010). Other organic acid
coatings were prepared the same as the inorganic salt coatings preparation mentioned above.
Noted that the pH of organic acids referred to the pH in the aqueous solution, not on the
surface.
3.3.1 Tube Coating Preparation
Frosted tubes were prepared by sandblasting the inner surface of plain borosilicate tubes.
Figures 3.2 and 3.3 show the rinsing and drying procedures utilized to prepare a uniform
inorganic salt layer on frosted glass tubes. For coating, the frosted glass tube is dipped into
a beaker with a saturated inorganic salt solution, and a vacuum is applied to suck the
solution up the tube, repeating at least three times to make sure that the saturated solution
distributes uniformly (Figure 3.2). After shaking off the excess solution, the rinsed tube is
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placed in a plastic tube holder connected to an electric motor, and a ¼ inch outer diameter
stainless injector is inserted coaxially to supply dry nitrogen gas (Figure 3.3). The injector
has multiple 1/8 inch holes drilled along its length. In addition, a stainless-steel braid sleeve
is placed over the injector to ensure a uniform drying flow.

Vacuum

Electronic motor
Plastic tube holder
Rinsed frosted glass tube

Plastic tube holder
Movable inlet

Frosted glass tube
N2

Beaker with saturated
inorganic salt solution

Figure 3.2 Tube coating device.

Figure 3.3 Tube drier with a movable stage.

3.3.2 Verification of Uniformity of the Coating Layer
To check the uniformity of the coating layer, the coated tube was carefully immersed into
distilled water to half of its length to remove half of the coating. The coating mass that
remained on the tube was determined by weighing the dried tube, subtracting the mass of
the bare tube, and comparing it with the original coating mass. We found that the variation
in the coating mass between the two halves of the tube did not exceed 10%.
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3.4 Uptake Data Processing
3.4.1 Uptake Coefficient
The signals of the product ion before exposure (𝐼𝑜 ) and after exposure (𝐼𝑡 ) were used to
calculate the observed first-order rate constant (𝑘𝑜𝑏𝑠 ) (Aubin et al., 2007),

𝑘𝑜𝑏𝑠 =

d ln 𝐼 𝑢 𝐼0
= 𝑙𝑛
d𝑡
𝐿 𝐼𝑡

(3.1)

where 𝑢 is the flow velocity, 𝐿 is the exposed surface length, and d𝑡 = 𝑢/𝐿 is the
interaction time. The value of 𝑘𝑜𝑏𝑠 is a combination of the reactive loss due to HgCl 2
collisions with the surface (𝑘𝑟 ) and resistance diffusing to the surface (𝑘𝑑 ) (Gershenzon et
al., 1995; Li et al., 2020; Pöschl et al., 1998),

1
𝑘𝑜𝑏𝑠

=

1
1
+
𝑘𝑑 𝑘𝑟

(3.2)

3.66𝐷𝑔
𝑟2

(3.3)

𝑘𝑑 =

where 𝑟 is the tube radius and 𝐷𝑔 is the diffusivity of HgCl 2 in helium at a given
temperature and pressure (𝐷𝑔 = 0.431 cm2 s-1 at 298 K and 760 Torr (Yaws, 2012; 2013;
2014)). Owing to using helium carrier gas and reduced reactor pressure, the diffusion
correction never exceeded 22%. The uptake coefficient (γ ), defined as the ratio of the
number of trace-gas molecules removed from the gas to the total number of collisions with
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the surface, was calculated from HgCl2 mean thermal velocity (ω = 1.52×104 cm/s) and 𝑘𝑟
(Davidovits et al., 2011; Howard, 1979).

γ=

2𝑟𝑘𝑟 𝑘
𝑉
2𝑘𝑟 𝐴𝑔𝑒𝑜𝑚
= [
]=
[
]
ω
ω 𝐴𝑔𝑒𝑜𝑚
ω 𝐴𝑡𝑟𝑢𝑒

(3.4)

On the right-hand side of this equation, V is the reactor volume corresponding to
the exposed surface, and Ageom and Atrue are the geometric and true areas of the exposed
polycrystalline salt surface. All of the parameters used in calculations are provided in Table
3.1.

Table 3.1 Parameters Used to Process Experimental Data to Derive Uptake Coefficients
on Different Surfaces
Parameters
P (Torr)

~2

L (cm)

1-5

u (cm s-1)

~ 500

Dg (cm2 s-1)

~ 170

kd (s-1)

~1000

3.4.2 Surface Capacity
The surface capacity is defined as the amount of HgCl2 molecules taken up by the surface
from the beginning of exposure until the signal recovered to within 1/e of its initial value.
It is calculated using:
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𝑡1/𝑒

Surface Capacity=

(𝐼1/𝑒 𝑡1/𝑒−∫0

𝐼𝑡 𝑑𝑡)𝐶 𝐻𝑔𝐶𝑙 2 𝑄

760
𝑃

𝐼1/𝑒 𝐴𝑔𝑒𝑜𝑚

(3.5)

where 𝑡1/𝑒 is the time when HgCl 2 signal recovers to within 1/e of its initial signal (efolding time), 𝐼1/𝑒 is the signal of HgCl2 at e-folding time, 𝐶𝐻𝑔𝐶𝑙2 represents the gas-phase
concentration of HgCl 2, 𝑄 is the standard flow into the reactor, P is the pressure in the
reactor (Torr).

3.5 Heterogeneous Uptake of HgCl 2 on Inorganic Surfaces
The aim of our study was to determine the rate and mechanism of the heterogeneous
reaction of mercury (II) chloride (mercuric chloride, HgCl 2) with the surfaces of inorganic
salts commonly present in urban and marine aerosols, including sodium sulfate, sodium
chloride, ammonium sulfate, and ammonium nitrate. The obtained kinetic and mechanistic
data will help to establish a more detailed mechanism of GOM removal by aerosol particles
in atmospheric models.
3.5.1 Initial and Steady-State Uptake Coefficients
Figure 3.4 shows a typical uptake curve, where the HgCl 2 signal is plotted against the
exposure time and the number of HgCl 2 molecules passed over the NaCl surface. The mass
of NaCl was 0.25 g, corresponding to a 16 μm effective coating layer (as explained in the
following section). The number of molecules was calculated from the exposure time, HgCl2
concentration, and gas flow rate. At the beginning of the experiment, the injector tip was
positioned downstream of the coated tube to prevent interactions between the NaCl surface
and HgCl2, corresponding to an initial signal (𝐼𝐴 ). At approximately 1 min, the injector was
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retracted to expose gaseous HgCl 2 to a 5 cm length of the salt surface. As a result of the
exposure of HgCl 2 to the surface, the signal dropped rapidly ( 𝐼𝐵 ). It then recovered
gradually during several minutes, reaching a nearly steady-state level (𝐼𝐶 ), which was
below the initial signal, 𝐼𝐴 . At ~6 min, the injector was returned to its original position to
stop the exposure, at which point the desorption of any unreacted HgCl 2 occurred, as seen
from the signal rapidly increasing, then decreasing gradually and eventually stabilizing at
the initial value 𝐼𝐴 . Here and below, we use ‘reacted’ and ‘chemisorbed’ synonymously.
Note that due to a small signal drift, the signal after uptake often stabilized at a slightly
higher or lower value. In such cases, 𝐼𝐴′ was interpolated from HgCl 2 signals before and
after uptake, e.g., at 1.9 and 8.9 min as shown in Figure 3.4. The ratios 𝐼𝐴 /𝐼𝐵 and 𝐼𝐴′ /𝐼𝐶 were
used to calculate the first-order rate constants (eq. 3.1) of the initial and steady-state uptake,
which were further converted by eq. 3.2-3.4 to the initial and steady-state uptake
coefficients, γi = (2.2±0.4)×10-2 and γss = (1.9±0.6)×10-3 in the case of NaCl. Examples of
typical signal intensities and other parameters obtained on NaCl and other salts are
provided in Table 3.1.
Additionally, the uptake curve was used to evaluate the surface capacity and surface
coverage. The surface capacity corresponds to the number of HgCl 2 molecules taken up by
the surface over the period from the beginning of exposure to the point when the signal
recovered to within 1/e of its initial value (1.2×1014 molecule cm -2 for NaCl in Figure 3.4).
The surface coverage (24% for NaCl in Figure 3.4) corresponds to the measured surface
capacity normalized by the maximum surface capacity (5.25×10 14 molecule cm -2), where
the latter is calculated based on the area of a single HgCl 2 molecule (1.91×10-15 cm2) and
geometric surface area exposed to HgCl 2.
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Figure 3.4 Temporal profile of HgCl 2 uptake on NaCl surface. The total pressure in the
flow reactor is 1.94 Torr and gas-phase concentration of HgCl 2 is 5.7×1010 molecules cm 3
. The secondary abscissa shows the number of HgCl 2 molecules that have passed through
the reactor at a given reaction time. The effective coating thickness is 16 m and the
exposed length is 5 cm. The shaded area was used to calculate the surface capacity, which
is the amount of HgCl2 taken up by the surface from the beginning of exposure until the
signal recovered to within 1/e of its initial value.

3.5.2 Reactivities of Different Salts
The uptake of HgCl 2 was measured on the surfaces of several inorganic salts (Figure 3.5),
using effective coating mass of ~0.25 g. All uptake curves showed a common behavior,
where upon exposure the gas-phase concentration of HgCl 2 dropped rapidly and then
recovered gradually. However, the magnitude of the drop and the rate of recovery varied
significantly between different salts.
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Figure 3.5. Uptake of HgCl 2 on different salts. The exposed length is 2 cm for Na 2SO4 and
5 cm for all other salts. The total pressure in the flow reactor is ~1.94 Torr and gas-phase
concentration of HgCl 2 is (3.0-5.7)×1010 molecules/cm 3.
The uptake on NH4NO3 was the smallest and nearly fully reversible, with the lowest
values of the initial (3.6×10-3) and steady-state (3.3×10-4) uptake coefficients (Table 3.2).
At the other end of reactivity was Na2SO4, with the largest drop and slowest recovery of
the HgCl2 signal, corresponding to initial and steady-state uptake coefficients of 3.1×10 -2
and 1.7×10-3, respectively. In some cases, the reaction time had to be varied by changing
the velocity of the gas flow or exposed length of the salt surface to improve measurement
accuracy, e.g., the exposed length was reduced to 2 cm when using the most reactive
Na2SO4. None of the salts, including NH4NO3, showed a full recovery of HgCl 2 signal
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when the injector was kept retracted, indicating the presence of an irreversible chemical
reaction in addition to reversible adsorption.

Table 3.2 Initial and Steady-State Uptake Coefficients of HgCl2 on a Fresh Crystalline
Coating Layer Made of Different Salts. Coating Mass is 85-330 mg, Corresponding to a
5-21 μm Effective Coating Thickness
Uptake coefficient a
Initial

Steady-state

Surface capacity, b
molecule cm -2

Na2SO4

3.1×10-2

1.7×10-3

5.1×1014

98

NaCl

(2.2 ± 0.4)×10-2

1.9×10-3

3.4×1014
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(NH4)2SO4

(1.4 ± 0.3)×10-2

7.0×10-4

3.0×1013

5.6

Frosted
borosilicate

8.0×10-3

3.9×10-4

2.4×1013

4.6

NH4NO3

3.6×10-3

3.3×10-4

1.6×1012

0.3

Salt

Surface c
coverage, %

a

If the standard deviation is not shown, the relative error is under 30%
The number of HgCl 2 molecules taken up by the surface from the beginning of exposure until the signal
recovered to within 1/e of its initial value
c The measured surface capacity normalized by the maximum geometric surface capacity.
b

The overall reactivity decreased in the series Na2SO4 > NaCl > (NH4)2SO4 > frosted
borosilicate tube > NH4NO3, as shown by the values of the initial and steady-state uptake
coefficients given in Table 3.2. Surface capacity and surface coverage followed the same
trend as the uptake coefficient. The reactivity of the frosted borosilicate glass surface,
which can serve as a surrogate for mineral dust, was not negligible, with initial and steadystate uptake coefficients of 8.0×10-3 and 3.9×10-4, respectively. However, no observable
uptake was detected on the fused (unfrosted) borosilicate glass surface, even in the absence
of the DCDMS treatment.
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3.5.3 Mechanism
Reaction depth. Our uptake measurements were conducted on crystalline salts, where the
bulk diffusion of HgCl 2 is expected to be severely limited. For instance, using a typical
diffusivity in solids (10-11–10-10 cm2 s-1) and an interaction time of 1000 s, we estimated a
diffusion depth of only 1–3 μm. To verify if the uptake indeed was confined to the salt
surface, we studied the dependence of the uptake coefficient on the effective thickness of
the NaCl coating layer. The thickness was estimated from the mass of the salt deposited
inside the tube, its geometric surface area, and bulk density (2.165 g cm -3), assuming a
smooth and uniform salt layer.

Figure 3.6 Dependence of the uptake coefficient on the effective coating thickness of NaCl.
The value at zero thickness corresponds to reaction on bare frosted tube. The line is drawn
to guide the eye.
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Figure 3.6 shows that starting with a bare frosted tube, the uptake coefficient
increased with the effective NaCl layer thickness and then stabilized for layers thicker than
10-15 μm. A coating thickness significantly greater than the estimated diffusion depth of
1–3 μm for reaching saturation could be caused by the solid surface being polycrystalline
and non-uniform. Indeed, non-uniformity was visually noticeable as patterns, stripes, and
variations in the salt crystal size. To improve coating uniformity, a drying device was
designed and built, as described in Section 3.2.1, allowing for the production of more
uniform coatings (Section 3.2.2) and for a better reproducibility in the uptake data.
Additionally, we cannot rule out the presence of a thin aqueous layer on the salt surface
even under conditions of our experiment (a fast flow of dry helium at a 2 Torr pressure).
Hence, the surface reaction may have occurred within a thin aqueous layer present on the
solid salt (De Haan et al., 1999), which will be shown later in this chapter.

Figure 3.7 A decrease in the NaCl surface reactivity after repeated exposures to gaseous
HgCl2. Three regions marked on the uptake curve correspond to reactive sites (highly
reactive and less reactive) and physisorption sites. Grey crosshatched and hatched areas
mark the amounts of adsorbed and desorbed HgCl 2, respectively, where percentages
correspond to the ratios of the amount desorbed to the amount adsorbed for each exposure.
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Surface coverage. Repeated exposure of the same surface to gaseous HgCl 2
resulted in a significant decrease of the surface reactivity. Figure 3.7 shows an uptake curve
from the experiment where the injector was retracted to initiate exposure, and then returned
to the initial position to stop exposure, and this process was repeated five times. During
these experiments, exposure was stopped when the signal recovered to a steady-state value
and then sufficient time was given to allow the adsorbed HgCl 2 to either react irreversibly
with the surface or desorb back, entering the gas flow. It can be seen that the drop in the
HgCl2 signal on the second exposure at ~33 min was shallower, and the signal returned to
the steady-state level significantly faster than during the first exposure. Upon subsequent
exposures, a progressively shallower drop was observed, and the signal recovered faster
and to a higher value, which was closer to the initial signal of HgCl 2. This behavior
indicates the reduction in the number of surface sites capable of reacting irreversibly with
HgCl2. Accordingly, progressively larger amounts of HgCl 2 (marked in hatched grey)
desorbed from the surface, corresponding to 7, 25, and 72% of the amount taken (marked
in crosshatched grey) for runs #1, #2, and #5, respectively (Figure 3.7).
Figure 3.8 shows that the initial uptake coefficient decreased by ~50% on the
second exposure and remained nearly constant on the third and subsequent exposures. The
steady-state uptake coefficient decreased by about 30% after three exposures, remaining
nearly constant afterwards. Notably, surface coverage exceeded 150% already after the first
exposure and continued to increase, reaching nearly 350% after several subsequent
exposures. This surface coverage was estimated using the total area of deposited HgCl 2
molecules, as determined from the curve in Figure 3.7, together with the geometric surface
area of the exposed NaCl. The observed saturation in reactivity at surface coverages in
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excess of 100% indicates that the actual area of the multicrystalline salt surface exceeded
the geometric area. Hence, the uptake coefficients may have been somewhat overestimated,
as discussed below. It is also possible that the reaction occurred within a thin aqueous layer
on the salt surface, as described above.

Figure 3.8 Dependence of the initial and steady-state uptake coefficients on the total
exposure time and surface coverage (HgCl 2 on a NaCl surface). The curves are drawn to
guide the eye.
Reversible adsorption and irreversible reaction. The shape of the uptake curve
and the observed decrease in reactivity on repeated exposures can be rationalized by
considering three types of surface sites: highly reactive (e.g., reactive adsorption), less
reactive (e.g., chemisorption), and adsorptive (e.g., physisorption), as marked in Figure 3.7.
The initial drop in HgCl 2 on the first exposure is due to its interaction with all three types
of sites, whereby most of the highly reactive sites are irreversibly consumed. These highly
reactive sites probably correspond to surface defects and edges of salt crystals (Butt et al.,
2003). Upon the second and further exposures, the remaining reactivity is due to less
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reactive sites ( γss ) and adsorptive sites ( γi after two exposures), hence leading to a
shallower drop in the signal and a faster recovery. The less reactive sites, responsible for
the steady-state uptake, probably correspond to smooth crystal terraces or hard-to-reach
locations within the polycrystalline surface. The physical adsorption sites bind reversibly,
and when exposure is stopped by resetting the injector, they release the adsorbed HgCl 2
and hence can again participate in binding upon subsequent exposures. Based on the
relatively fast signal drop and recovery upon the second and further exposures,
physisorption sites appear to be limited in number, similar to the highly reactive sites. The
actual number of less reactive sites may exceed the number estimated based on the
geometric surface area. Whereas this would have a negligible effect on the magnitude of
the initial uptake coefficient, which corresponds to HgCl 2 interacting with the most reactive
(or most available sites), the steady-state coefficient may be overestimated by a factor of 3
or more, as follows from the 𝐴𝑔𝑒𝑜𝑚 ⁄𝐴𝑡𝑟𝑢𝑒 ratio in Equation (3.6).
The chemical nature of different surface sites is not well known, but computational
studies show that HgCl2 binds reversibly on the NaCl(100) surface and dissociatively on
the NaCl(111)Na surface (Tacey et al., 2016). For the former pathway, it is possible that
similar to aqueous solutions, surface reactions produce tri- and tetra-coordinated mercury
ion complexes [HgCl 3]– and [HgCl4]2–. To evaluate the contribution from the dissociative
pathway leading to Hg(0), we attempted to measure the release of elemental mercury
during and after HgCl 2 uptake, including upon heating of the HgCl 2-exposed surface to
~120 C, but detected no Hg(0). Based on the LOD of our system towards Hg(0), less than
1% of HgCl 2 could have been converted to Hg(0) on the NaCl surface. This finding is
unsurprising because the NaCl(100) surface with its alternating positive and negative ions
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is more thermodynamically stable than NaCl(111) Na, composed entirely of positively
charged sodium ions (Bruno et al., 2008; Radenović et al., 2006; Tacey et al., 2016). Hence,
only the NaCl(100) surface is expected to form upon crystallization of a NaCl solution. It
is possible that NaCl(111) Na may have represented some of the surface defects, but the
amount of Hg(0) was either below our LOD or the release of Hg(0) may have required
photo-irradiation. Further research is needed to establish the nature of the HgCl 2 products
on salt surfaces.
One-step or two-step mechanism. Referring to adsorptive sites as S, reactive sites
as R, and reaction product as P, one can write three possible processes (3.6-3.8) to account
for the observed uptake behavior of gaseous HgCl 2:

HgCl2 + S ⇌ HgCl2·S

(3.6)

HgCl2 + R → P

(3.7)

HgCl2·S + R → P + S

(3.8)

If the uptake follows the Eley–Rideal mechanism, gaseous HgCl2 reversibly
adsorbs on S and reacts irreversibly with R independently of each other (Ammann et al.,
2007; Pöschl et al., 2007). On the contrary, in the case of the Langmuir–Hinshelwood
mechanism, HgCl2 must adsorb onto an adsorptive site S first and only then the surface
complex HgCl 2·S can react with R, releasing S. The vacant site S can then adsorb another
HgCl2, and so the uptake would be limited by the availability of surface adsorptive sites,
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S. The two mechanisms can be distinguished by studying the dependence of the uptake
coefficient on the concentration of the gas-phase reactant (McCabe et al., 2009). Upon
increasing the concentration, the uptake rate is expected to increase according to the EleyRideal mechanism, but decrease according to the Langmuir-Hinshelwood mechanism. Our
experiments with varying HgCl 2 concentrations produced a clear decreasing trend in the
initial uptake coefficient (Figure 3.9), supporting the two-step Langmuir-Hinshelwood
mechanism.

Figure 3.9 Dependence of the uptake coefficient on the gas-phase HgCl2 concentration,
using a NaCl surface. The exposure distance is 2 cm, the total pressure in the flow reactor
is 1.94-2.00 Torr, and the temperature is 293 K.
This conclusion is further confirmed by the results obtained in a repeated uptake
experiment (Figure 3.7). As follows from Equation (3.9), when the exposure of the salt
surface to gas-phase HgCl 2 is terminated, the fate of HgCl 2·S is determined by the
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competition between two processes: desorption (left arrow) and chemical reaction (right
arrow).

+R

HgCl2 + S ← HgCl2·S → P + S

(3.9)

Under the Eley–Rideal mechanism, desorption occurs independently of the
chemical reaction. Hence, the amount of HgCl 2 desorbed from the surface after terminating
the exposure should remain unchanged with repeated exposures. However, Figure 3.7
indicates that the amount of desorbed HgCl 2 is higher with each subsequent exposure,
although less gaseous HgCl 2 is taken. Such behavior is in agreement with the LangmuirHinshelwood mechanism, where increasing amounts of HgCl 2 are expected to desorb from
the surface as it becomes less chemically reactive.
The effect of surface hydration. To look at the effect of water on the surface, we
can change the level of hydration instead of using the aqueous surface directly because our
fast flow reactor was operated at low pressure (~2 Torr). Gaseous HgCl2 was exposed to
the NaCl surface, either pristine or dehydrated by heating up to 118 ºC. When the
dehydration was done in the oven, we did not see any difference in the uptake coefficient
because the surface became hydrated once the sample got out of the oven. Hence we
decided to heat the surface in the reactor at low pressure instead of in the oven to avoid rehydration of the surface.
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Figure 3.10 The uptake of HgCl 2 on a heated (up to 118 ºC) /unheated NaCl surface.
Figure 3.10 demonstrates the uptake of HgCl 2 on a hydrated/dehydrated NaCl
surface. For the hydrated NaCl surface, the signal intensity dropped ~70% during the first
uptake, whereas the signal intensity dropped ~25% for the first uptake in the case of the
dehydrated NaCl surface. The signal intensity during the second uptake dropped ~60% and
25% for the hydrated surface and dehydrated surface of NaCl, respectively. Obviously, the
existence of water impacts the uptake of HgCl 2 on the NaCl surface, which enables a more
significant uptake. For the hydrated surface, we hypothesized that HgCl2 dissolved in the
hydrated NaCl surface and then reacted with Cl - on the surface, leading to efficient uptake.
In the case of the dehydrated NaCl surface, HgCl 2 coordinated via electrostatic binding
with the Na+ in the surface, which was reversible adsorption so that uptake remained the
same during the first and second uptake.

70

Figure 3.11 Uptake of HgCl 2 on the surface of ionic liquid (1-ethyl-3-methyl-imidazolium
chloride). The exposure distance is 1 cm.
To verify our hypothesis in liquid that the uptake is not confined to the surface, we
used ionic liquid, 1-ethyl-3-methyl-imidazolium chloride, as a surface. As shown in Figure
3.11, when HgCl2 was exposed to 1 cm of the ionic liquid surface at 2 min, the HgCl2 signal
dropped significantly, the liquid continuously absorbed HgCl 2, and there was no signal
recovery until we stopped HgCl 2 exposure to the surface at 6 min. That confirmed our
hypothesis that the liquids would have almost infinite capacity to react with HgCl2. Similar
behavior of GOM uptake is expected in the aqueous solution in the atmosphere.
Reactivation of surface by humidification. Our experiments were conducted on
solid salt surfaces in the reactor at 2 Torr, which is quite different from atmospheric
conditions, where the relative humidity is sufficiently high to keep most inorganic salt
particles deliquesced, or at least with several monolayers of water on their surfaces. In the
atmosphere, we may expect that the reaction will not be confined only to the inorganic
surface (Figure 3.12a), but rather the reactivity may remain nearly constant until all of the
material in the particle reacts away (Figure 3.12b). To verify this hypothesis, we conducted
repeated exposure experiments where the inorganic salt surface was treated to predefined
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levels of relative humidity between uptake runs. Figure 3.12d shows that the initial uptake
coefficient on the fresh NaCl surface on the first exposure was 2.6×10-2. Repeating the
uptake experiment (exposure #2) produced a lower initial uptake coefficient
(𝛾𝑖 =1.5×10-2) because most of the highly reactive and some of the less reactive sites were
consumed (Figure 3.12a). Removing the coated tube from the reactor and treating it to a
nitrogen flow maintained at a 33% relative humidity had a negligible effect on the
reactivity because the deliquescence relative humidity of NaCl is 75% (Tang, 1996), and
hence the salt surface remained crystalline. However, when this coated tube was later
treated to 75% and 95% relative humidities, the initial uptake coefficient increased to
1.9×10-2 and 2.1×10-2, respectively, nearly reaching the original level of unexposed NaCl.
This increase in reactivity was caused by reactivation of the inorganic salt surface, which
deliquesced upon humidification, turning into a liquid solution and dissolving the reaction
product (Figure 3.12b). The change in the phase state from crystalline to liquid upon
humidification was visually apparent, as the coating layer became nearly transparent. When
the tube was re-dried, a nearly virgin reactive surface was produced (Figure 3.12c),
restoring most of its reactivity.
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Figure 3.12 Partial reactivation of the NaCl surface achieved by cycling it through
different levels of relative humidity: (a-c) schematic showing the mechanism of surface
reactivation and (d) the dependence of the uptake coefficient on the maximum relative
humidity (RH) experienced by the salt coating before the measurement.
Molecular-level reaction mechanism. The heterogeneous reaction of HgCl 2 with
inorganic

surfaces

is

a

two-step

Langmuir-Hinshelwood

mechanism,

adsorption/desorption and chemical reaction, where the reaction probability depends
significantly on the salt anion, salt cation, and the level of surface hydration. Anions have
high mobility on the surface in the presence of water, increasing the surface reactivity.
There is also electrostatic binding between cation on the surface and halogen in the
adsorbed HgCl2. However, there is limited understanding of the effect of salt cations on
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surface reactivity. To explore the surface reaction mechanism, we investigated the
interactions of different mercury halides (HgX2, X = Cl, Br, I) with the NaCl surface using
both experiments and molecular modeling. The scientific questions were: (1) why do salt
cations affect the surface reactivity; (2) what is the effect of water on the surface reactivity;
(3) what is the chemical state of HgCl 2 on the surface?
We are collaborating with Dr. Farnaz A Shakib to conduct computational studies of
HgX2 (X = Cl, Br, I) bind to a slab of NaCl, which is flat, using the CP2K method.

Figure 3. 13 Schematics of binding between a) HgCl2; b) HgBr2; c) HgI2 molecules on a
NaCl surface. Only part of the slab is shown.
As shown in Figure 3.13, gaseous HgX2 (X = Cl, Br, and I) molecules approach the
surface of NaCl and bind electrostatically with the surface at different angles and distances.
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We varied mercury halides but used the same NaCl surface unit, as building a unit of the
crystal structure is more complicated than changing molecules approaching the surfaces
during the modeling. The binding energies of HgX2 with NaCl surface and the average
distance between Hg and halogens were calculated. The adsorption energy of HgX2 (X =
Cl, Br, and I) on the NaCl surface showed a linear correlation with the distance between
Hg and Cl, Br, and I when HgX2 bound to the surface (Figure 3.14). The adsorption energy
for HgCl2, HgBr2, and HgI2 were in decreasing order, where the distance between Hg and
Cl, Br, and I increased because less adsorption energy was released to bind with the surface
when the distance was longer.

Figure 3.14 The dependence of adsorption energy of HgX2 (X = Cl, Br, and I) on the
average distance between Hg and halogens (Cl, Br, and I).
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Figure 3.15 Uptake curves of mercury halides (HgX2, X=Cl, Br, I) on dehydrated (light
lines) and hydrated (dark lines) NaCl surfaces on the scale of the number of molecules
exposed onto the surface.
The uptakes of HgCl2, HgBr2, and HgI2 were measured on the hydrated and
dehydrated surfaces of NaCl (Figure 3.15). All uptake curves showed a common behavior,
where upon exposure the gas-phase concentration of HgX2 dropped rapidly and then
recovered gradually. However, the magnitude of the drop and the rate of recovery varied
significantly between different mercury halides and different levels of hydration. The
uptakes on dehydrated NaCl surfaces were nearly fully reversible for all gaseous mercury
halides, with comparable uptake coefficients (5.1-6.6)×10-3, smaller than the uptake
coefficients (1.6-2.2)×10-2 on the hydrated NaCl surfaces (Table 3.3).
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Table 3.3 The Comparisons of Uptake Coefficients of HgX2 (X=Cl, Br, I) on Hydrated
and Dehydrated NaCl Surfaces

X
Cl
Br
I

Uptake coefficients
(dehydrated)

Uptake coefficients
(hydrated)

1st uptake

2nd uptake

1st uptake

2nd uptake

6.0×10-3
6.6×10-3
5.1×10-3

4.8×10-3
6.0×10-3
4.5×10-3

1.6×10-2
1.3×10-2
2.2×10-2

8.7×10-3
1.1×10-2
1.5×10-2

The uptake coefficients between different mercury halides on NaCl surfaces at the
same condition (hydrated or dehydrated) were comparable, but the surface capacities
varied significantly from (0.28-3.7)×1013 molecules/cm 2 for the dehydrated surface to
(0.25-4.1)×1014 molecules/cm 2 for the hydrated surface (Table 3.4).

Table 3.4 The Comparisons of Surface Capacities of HgX2 (X=Cl, Br, I) on Dehydrated
and Hydrated NaCl Surfaces along with Their Calculated Adsorption Energy and
Calculated Distances between Hg and X
Surface capacity,
molecules/cm 2
(Dehydrated)

(Hydrated)

Adsorption
energy,
kcal/mol

HgCl2

3.7×1013

4.1×1014

-16.7

2.316

HgBr2

2.6×1013

1.6×1014

-12.8

2.452

HgI2

2.8×1012

2.5×1013

-6.4

2.630

Chemicals

Distance,
Å

The surface capacities for the dehydrated surface are almost one order of magnitude
lower than the surface capacities on the hydrated surface for each gaseous mercury halide.
For both hydrated and dehydrated surfaces, overall surface capacity increased in order HgI2
< HgBr2 < HgCl2. The uptake of HgI2 was the fastest to recover, with the lowest surface

77

capacities of 2.5×1013 and 2.8×1012 molecules/cm 2 for the hydrated and dehydrated
surfaces, respectively (Table 3.4). At the other end of the surface capacity was HgCl2, with
the slowest recovery of the signal, corresponding to capacities of 4.1×1014 and 3.7×1013 on
dehydrated and hydrated surfaces, respectively. Table 3.4 summarizes the reacticity of
mercury halides on the NaCl surface and compares them against theoretically calculated
adsorption energies, which decreased from HgCl2 (16.7 kcal/mol) to HgBr 2 (12.8 kcal/mol)
and HgI2 (6.4 kcal/mol) with decreasing surface capacities for both hydrated and
dehydrated surfaces.

Figure 3.16 The comparisons of surface capacities of HgX2 on hydrated and dehydrated
NaCl surfaces along with calculated adsorption energy (dots). The lines are linear fits of
the dependence of the logarithm of the surface capacity with adsorption energy, R2 (red
dots) = 0.99 and R2 (black dots) = 0.81.
The logarithm of surface capacities versus adsorption energy of different mercury
halides on hydrated/dehydrated surfaces is shown in Figure 3.16. In agreement with the
thermodynamics, surface capacity fits exponentially with the calculated adsorption energy,
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indicating that the first step of reaction could be the hydration of the X-Hg-X molecule by
the surface-bound water or even partitioning of X-Hg-X into the aqueous layer if the latter
is sufficiently thick for the hydrated surface. On the contrary, on the dehydrated NaCl
surface, the first reversible step of the L-H mechanism corresponds to the coordination of
the negatively charged halide atoms in the X–Hg–X molecule with the positively charged
sodium ions of the NaCl surface, and there is practically no second reactive step.
To verify the presence of Hg in the reacted NaCl surface and the chemical state of
HgCl2 on the surface, either as a reduced form (Hg0) or as an oxidized form (Hg2+), we
conducted a series of experiments in collaboration with Dr. Andrew Teplyakov (University
of Delaware) using X-ray photoelectron spectroscopy (XPS). XPS can determine the
elemental composition as well as the chemical and electronic state of the atoms within a
material. The basic principle of XPS is that when X-rays shoot on a sample material that
absorbs energy, electrons from the top 1–10 nm of the material emerge from the sample
with specific kinetic energy, producing spectra of each element. The potentials of transition
metals having different oxidation states in solid and liquid oxides allow this technique for
characterization, such as iron as Fe 2+ and Fe3+, manganese as Mn2+, Mn3+, and Mn4+,
chromium as Cr 2+, Cr3+, and Cr6+.
Our samples were prepared and shipped to the University of Delaware for XPS
characterization. Samples of pure solid HgCl 2, solid Hg(NO3)2, and solid NaCl are
commercially available. The sample of NaCl with adsorped HgCl 2 was prepared using a
standard uptake experiment, where gaseous HgCl 2 with a concentration of 5.7×1010
molecules/cm 3 was exposed to NaCl surface for about 10 minutes, resulting in
approximately 65% surface coverage.
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Figure 3.17 The XPS spectra of Cl 2p in solid NaCl, solid HgCl 2, and the NaCl surface
with adsorbed gaseous HgCl 2.
The XPS spectra of Cl 2p in NaCl, HgCl2, and the NaCl surface pretreated by
gaseous HgCl 2 are shown in Figure 3.17. Explicit peaks at 200.8 and 202.4 eV for the
HgCl2 sample, at 200.0 and 201.8 eV for the solid NaCl sample, and at 200.3 and 202.1 eV
for the reacted NaCl surface were detected. The Cl 2p peaks in NaCl and HgCl 2 were
shifted towards each other, resulting in peaks at 200.3 and 202.1 eV. These peaks were
assigned to Cl- at 2p1/2 ("National Institute of Standards and Technology XPS database,"
2012). The peak position depends on the ionic states of Cl, the ratio of the two distinct peak
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areas remains the same (1:2), which is consistent with the spin−orbit splitting theory for Cl
2p orbital.

Figure 3.18 The XPS spectra of Hg 4f in solid HgCl 2 sample, in solid Hg(NO3)2 sample,
and in gaseous HgCl2 adsorbed on the NaCl surface. The blue and green lines belong to
the left Y-axis, and the orange line is for the right Y-axis.
The XPS spectra of Hg 4f in covalent HgCl2, in ionic Hg(NO3)2, and in HgCl2
adsorped on the NaCl surface are shown in Figure 3.18, demonstrating the presence of Hg
4f in the reacted NaCl surface at 103.1 and 107.1 eV. These two peaks were consistent with
103.5 (4f7/2) and 107.5 eV (4f 5/2) in the covalent HgCl2 sample, but not Hg 4f in the ionic
form Hg(NO3)2. The ratios of two peak areas in the reacted NaCl surface agree with the
spin−orbit splitting theory for 4f orbital. The peaks for the ionic form of Hg in Hg(NO3)2
were 101.7 and 105.7 eV, and both peaks were assigned to Hg2+ (Jiang et al., 2020). There
is no characteristic of Hg 4f 7/2 at 99.9 eV for Hg0 in the reacted surface. The HgCl2 adsorbed
onto the NaCl surface remained in its covalent form during the sampling, shipping, and
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detection by XPS till it got detected, so we can conclude that HgCl 2 was irreversibly
adsorbed on the NaCl surface in the covalent form.

3.6 Heterogeneous Uptake of HgCl 2 on Carbonaceous Aerosol Surfaces
Removal by aerosols is an important intermediate step in the deposition of atmospheric
gaseous oxidized mercury (GOM). Atmospheric aerosols contain both inorganic salts and
a variety of carbonaceous/organic constituents. Here we report the uptake of GOM by
surfaces mimicking carbonaceous aerosols of primary and secondary origin. Primary
combustion aerosols were represented by soot, levoglucosan, and polycyclic aromatic
hydrocarbons (PAHs perylene and pyrene). Secondary aerosols were represented by
carboxylic acids (succinic, pimelic, and citric acid) and dioctyl sebacate (DOS). The gassurface uptake was studied at 293 ± 2 K in a fast flow reactor coupled to an ion drift chemical ionization mass spectrometer (ID-CIMS), using mercury (II) chloride (HgCl 2) as
model GOM. The obtained kinetic data will help establish a more detailed mechanism of
GOM removal by aerosol particles in atmospheric models.
3.6.1 Reactivities of Carbonaceous Surfaces
The uptake of HgCl 2 was measured on the surfaces of primary combustion (Figure 3.19)
and secondary aerosols (Figure 3.20), using the coating mass of ~0.06 g. All uptake curves
showed a typical behavior, where upon exposure the gas-phase concentration of HgCl 2
dropped rapidly and then recovered gradually. Within the similarity, the magnitude of the
drop and the recovery rate varied significantly between soot and other organics.
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Figure 3.19 Uptake of HgCl 2 on surfaces of primary aerosol surrogates. The exposure
distance for soot is 2 cm, and others are 5 cm.
Among four surfaces of primary aerosols origin, soot has the most lasting drop of
signal but the lowest uptake coefficient (1.2×10-4), which was calculated using its BET
surface area (~79 m 2/g) (Khalizov et al., 2010). Uptake coefficients and surface capacities
for other organics were calculated based on their geometric surface areas. Within four
surfaces representing primary aerosols, levoglucosan was the most reactive surface, with
reactivity comparable to ammonium sulfate in Section 3.5.2. In the case of PAHs, pyrene
and perylene showed some uptake, corresponding to uptake coefficients of 2.1×10-3 and
3.0×10-3. In terms of surface capacity, perylene had ~20 times higher surface capacity than
pyrene for the uptake of HgCl 2
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Figure 3.20 Uptake of HgCl 2 on organic surfaces of secondary aerosol surrogates. The
exposure distance for DOS is 1 cm, other organic acids are 5 cm.
Figure 3.20 shows the uptake curves of HgCl 2 on the surfaces of secondary aerosol
representatives. The uptake of HgCl 2 on the surface coated with citric acid was almost nondetectable, giving less than the detectable values of the uptake coefficient (<1.2×10 -4),
which was calculated based on the signal error. On the other hand, DOS corresponded to
the highest uptake coefficient (2.6×10-2) and surface capacity (5.8×1015). DOS is liquid at
room temperature and acts as a liquid layer whose behavior was described in Section 3.5.3.
The uptake of HgCl2 on three undissociated acids is in the order of pimelic acid > succinic
acid > citric acid.
The overall reactivity varied significantly between different surfaces, with uptake
probability decreasing from 2.6×10-2 to 1.2×10-4 in the series: DOS > levoglucosan >
perylene > pyrene > undissociated organic acids (pimelic acid > succinic acid) > soot >
undissociated citric acid, as shown by the values of the uptake coefficients along with
surface capacities given in Table 3.5.
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Table 3.5 Uptake Coefficients and Surface Capacities for Organics
Chemicals

Chemical structure

Uptake
Surface capacity,
coefficient molecules/cm 2

Levoglucosan

1.1×10-2

4.8×1013

Pyrene

2.1×10-3

8.0×1011

Perylene

3.0×10-3

1.6×1013

Soot a

1.2×10-4

1.4×1013

< 1.2×10-4,

Citric acid

c

-b

Pimelic acid

1.1×10-3

-b

Succinic acid

9.3×10-4

-b

DOS d

2.6×10-2

5.8×1015

a

Calculation of soot used BET surface area; others used geometric surface area upon 5 cm exposure distance
Too small for accurate evaluation
c The number is calculated based on the error of the measurement
d DOS: 1 cm exposure distance
b

In some cases, the reaction time had to be varied by changing the velocity of the
gas flow or exposed length of the salt surface to improve measurement accuracy, e.g., the
exposed length was reduced to 1 cm when using the most reactive DOS, the exposure
distance for soot was 2 cm. Previous studies have reported that carboxylic acids could bind
with metal ions such as Hg(II), and the sorption capability of metal ions would be varied
by changing the carboxylic groups (Kılıç et al., 2008; Lin & Pehkonen, 1999; Zhang et al.,
2006). Succinic acid and pimelic acid hold two carboxylic groups had comparable uptake
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coefficients, which were ten times larger than citric acid with three carboxylic groups ,
where the intermolecular hydrogen bonds may form (Table 3.5). The binding of Hg(II) with
humic substances has been reported as pH-dependent (Matthiessen, 1996; Matthiessen,
1998), we hypothesized that the uptake of HgCl 2 by carboxylic acids was also pHdependent.
3.6.2 The pH Dependence of Reactivity of Organic Acid Surfaces
Many studies have shown that the reactive uptake of atmospheric gases, such as isoprene
and primary organic aerosols, is influenced by the acidity of aerosols particles (Jang et al.,
2002; Limbeck et al., 2003; Surratt et al., 2007). The pH of aerosol particles is determined
by their compositions, locations, seasons, and the particles' size (Pye et al., 2020; Song et
al., 2018). Up to 64% of the adicity in atmospheric precipitation is contributed by
carboxylic acids which are mainly produced from the oxidation of olefins and other volatile
organic compounds in the atmosphere and combustion sources (Keene et al., 1983). The
protonation states of acids are proportional to the pH, where carboxylic acids would
deprotonate and become more soluble at higher pH (Chowhan, 1978; Křůmal et al., 2009).
To test the influence of the carboxylic acids with short chains (C ≤ 5) and different numbers
of carboxylic acid groups in various degrees of dissociation on the reactivities towards
HgCl2, we performed a series of uptake experiments using surfaces made of citric acid,
pimelic acid, and succinic acid. The pH was adjusted according to the dissociation constant,
Ka , which is expressed commonly in pKa =-log Ka , and measured in the solution, which
then was applied onto a frosted glass tube and dried as described earlier in Section 3.3.1.
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Figure 3.21 Uptake of gas-phase HgCl 2 on citric acid, monosodium citrate, disodium
citrate, and trisodium citrate surfaces (RH=5%), where the pH values were obtained in
aqueous solutions.

Figure 3.21 shows the uptake curves of gas-phase HgCl 2 on citric acid,
monosodium citrate, disodium citrate, and trisodium citrate surfaces. The uptake curves
demonstrated that the uptakes of HgCl 2 would increase gradually from nearly no uptake to
significant uptake with increasing pH from 1.8 to 4.0, 6.4, and 12.1, which was associated
with the deprotonation degree. As pH increased, the citric acid deprotonated, the binding
between deprotonated carboxylic groups on the surfaces and gaseous HgCl2 increased as
well, in agreement with a previous study of the adsorption of Hg(II) enhanced by citric acid
at different pH levels (Singh et al., 1996).
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Figure 3.22 Uptake of gas-phase HgCl 2 on succinic acid, monosodium succinate, and
disodium succinate surfaces (RH=5%), where the pH values were obtained in aqueous
solutions.

Uptake curves for succinic acid and pimelic acid surfaces at different pH levels are
shown in Figures 3.22 and 3.23. They both have two carboxylic groups and comparable
pKa values, resulting in nearly the same uptake of HgCl2 at the same deprotonated forms.
The pH-dependent uptake was probably due to the deprotonated carboxylic groups and the
coordination between HgCl2 and the carboxylic groups.
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Figure 3.23 Uptake of gas-phase HgCl 2 on pimelic acid, monosodium pimelate, and
disodium pimelate surfaces (RH=5%), where the pH values were obtained in aqueous
solutions.

Table 3.6 shows that both uptake coefficients and surface capacities for these three
individual acids increased significantly with the pH chosen based on the pK a values.
Among these three acids, pimelic acid had the largest uptake coefficient ( 1.1×10-3),
whereas the uptake coefficient of citric acid is almost negligible, in agreement with their
uptake curves. In fully deprotonated forms, these three carboxylic acids had comparable
uptake coefficients (~8×10-3) and significant differentiation in surface capacities (from
2.9×1013 to 6.4×1014 molecules/cm 2). There is a need for a more basic environment for
citric acid with three carboxylic groups than other acids with only two carboxylic groups
to achieve the same uptake coefficient (~2×10-3).
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Table 3.6 Uptake Coefficients and Surface Capacities for Organic Acids with Different pH
pKa
Citric acid
Monosodium citrate
Disodium citrate
Trisodium citrate
Pimelic acid
Monosodium pimelate
Disodium pimelate
Succinic acid
Monosodium succinate
Disodium succinate

3.13 (pKa1)
4.76 (pKa2)
11.6 (pKa3)
4.49 (pKa1)
5.43 (pKa2)
4.21 (pKa1)
5.64 (pKa2)

pH
1.8
4
6.5
12.1
2.6
4.8
8.3
2
5
10.7

Surface
capacity,
molecules/cm 2
< 1.2×10-4, a
-b
-5
6.9×10
1.0×1012
2.4×10-3
4.8×1012
8.4×10-3
2.9×1013
1.1×10-3
-b
2.2×10-3
4.6×1012
8.2×10-3
6.1×1013
9.3×10-4
-b
2.0×10-3
-b
8.3×10-3
6.4×1014
Uptake
coefficient

a

The number is calculated based on the error of the measurement
No visible change
c The pK values of the diacids are available for citric acid, succinic acid, and pimelic acid at ionic strength
a
zero
Source: (Martell et al., 1974)
b

3.7 Atmospheric Implications
We used the HgCl 2 uptake coefficients obtained in our study to estimate the lifetime of
GOM with respect to removal by atmospheric particles, assuming that particle reactivity
could be represented by individual constituents: for inorganics, ammonium sulfate and
sodium chloride, which contribute 30-50% and 98-99% of the particle mass in urban
(Heintzenberg, 1989; Jimenez et al., 2009) and marine (Athanasopoulou et al., 2008; Day,
2014) environments, respectively; for organics, soot, levoglucosan, PAHs and organic
acids represent primary and secondary organic aerosols, respectively. We also assumed that
the reactivity of HgCl 2 with these salts in multicomponent particles is unaffected by other
particle constituents. This simplification is necessary due to lack of uptake data for organic
and mixed composition surfaces, which are representative of atmospheric aerosols
(Jimenez et al., 2009). We used initial uptake coefficients γi because the particle surface
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coverage by GOM molecules is expected to remain low over the entire aerosol lifetime.
Indeed, considering typical atmospheric concentrations of GOM (~10 5 molecules cm -3) and
aerosol surface area (10-7–10-6 cm2 cm-3), surface coverage after complete consumption of
GOM would not exceed 0.1–0.01%, and hence the reactivity of particles will remain nearly
unchanged. Although the concentration of HgCl 2 in our experiments was significantly
higher than that of atmospheric GOM, the use of experimental uptake coefficients for
atmospheric lifetime evaluations is still appropriate. Not only gas-surface uptake is a firstorder process with respect to GOM, but also in all experiments measuring the initial uptake,
the surface coverage remained below few percent, resulting in a relatively shallow
concentration dependence. Hence, extrapolating towards the zero HgCl 2 concentration
would not significantly change the value of 𝛾𝑖 .
The lifetime (Ammann et al., 1998) of GOM was estimated using Equation (3.11a),
which was adopted based on the equation for the gas-particle mass-transfer coefficient
introduced in previous work (Holmes et al., 2009; Sander, 1999; Schwartz, 1986),

τ=

[∑ 4𝜋𝑟 2 (

∆𝑁
𝑟
4
) ∆ log 𝑟 ( +
)]
∆ log 𝑟
𝐷𝑔 γi ω𝐺𝑂𝑀

−1

(3.11a)

this equation accounts for both interfacial and diffusion-limited mass-transport,
corresponding roughly to submicron and supermicron aerosol particles, respectively. The
summation is over the binned particle size distribution, ∆𝑁/∆ log 𝑟 . The term 4𝜋𝑟 2 ∆𝑁
corresponds to the surface area concentration (Ammann et al., 1998) of aerosol particles of
a radius 𝑟 . The mean thermal velocity and diffusivity of GOM in air were taken as
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𝜔𝐺𝑂𝑀 =1.5×104 cm s-1 and 𝐷𝑔=0.1 cm2 s-1, respectively, following the modeling study of
Holmes et al. (2009)

Figure 3.24 Scaled particle size distributions: (a) urban aerosols in Houston, TX (red) and
Beijing, China (black); (b) marine aerosols of a lower (red) and higher (black)
concentration.
Sources for (a) (Cheng et al., 2009; Levy et al., 2013)and for (b)(Quinn et al., 2015) .

Table 3.7 Particle Number, Surface, and Mass Concentration, along with Calculated GOM
Lifetimes Corresponding to Different Scenarios (Urban and Marine, Lower and Higher
Aerosol Loading)
Scenario
Houston, TX
Beijing, China
Sea salt (low)
Sea salt (high)

Number
concentration,
cm-3
2.9×103
10.6×103
19.0
83.5

Surface
Mass
GOM
concentration, concentration, lifetime,
μm2 cm-3
μg m-3
hr
163
12.7
2.1
815
82.5
0.4
18.8
10.2
19.0
82.4
44.9
4.3

For urban aerosol, we selected moderately polluted (Houston, TX) (Levy et al.,
2013) and highly polluted (Beijing, China) (Cheng et al., 2009) scenarios with average
particle mass concentrations of 12.7 and 82.5 μg m-3 (Jimenez et al., 2009). The size
distributions from Levy et al. (2013) and Cheng et al. (2009) were scaled to obtain the
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target mass concentrations (Figure 3.24a), using a 1.55 g cm -3 particle density, which
corresponds to a mixture of ammonium sulfate, organics, and other minor constituents
(Levy et al., 2013). At both locations, the particle mass fraction of (NH4)2SO4 was ~50%
(Jimenez et al., 2009). For marine aerosol, we selected low (3 m s -1) and moderate (15 m
s-1) wind velocity scenarios, corresponding to globally averaged 10 and 45 μg m-3 sea salt
aerosol mass concentrations, respectively (Lewis et al., 2004). The size distribution of sea
salt was taken from Quinn et al. (2015) and scaled to obtain the target mass concentrations
(Figure 3.24b). The input parameters used in calculations are summarized in Table 3.7
along with the resulting GOM lifetimes, which range between 0.4 – 2.1 hours for
(NH4)2SO4 and 4.3 – 19 hours for NaCl. Based on these values, we conclude that urban
aerosols may represent a major sink of GOM. Furthermore, even dry sea salt aerosols,
alongside deliquesced sea salt droplets, may contribute to the rapid loss of GOM in marine
environment, as proposed in modeling and field studies (Holmes et al., 2009; Laurier et al.,
2007; Laurier, 2003; Selin et al., 2007). Our measured uptake coefficients can be used to
account for GOM removal by effloresced particles in atmospheric models and also in
evaluating the efficiency of salt-coated denuders.
For primary organic aerosol, we selected a highly polluted (Beijing, China) scenario
for levoglucosan and soot with average particle mass concentrations of 3.3 and 7.6 μg m-3
as representatives (Sun et al., 2016), corresponding to GOM lifetime of 1 day and 13 days,
respectively. For the secondary organic aerosols, we used succinic acid with an average
mass concentration of 0.5 μg m-3 (Fresno, CA) as an example to calculate GOM lifetime
(Ge et al., 2012), which varied from 68 days to 8 days as pH increased from 2 to 10.7.
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Assuming the aerosol particle diameters are 0.4 μm, the lifetime was calculated using
Equation (3.11b),

τ=

4

(3.11b)

γi ω𝐺𝑂𝑀 ns

where ns represents the total surface area of aerosol particles. The input parameters used
in calculations are summarized in Table 3.8 and the resulting GOM lifetimes, which range
between 1 – 13 days for primary organic aerosols and 8 – 68 days for secondary organic
aerosols at different pHs. Based on these values, we conclude that the role of organic acids
in the removal of GOM will be highly dependent on particle acidity, increasing on going
from urban to marine aerosols. Compared with our previous kinetic data on dry marine and
urban aerosol surfaces (lifetime varies from half an hour to a day), we conclude that
carbonaceous aerosols are less important for GOM removal. Further research should focus
on the interaction of HgCl 2 with surfaces made of mixtures of inorganics and organics to
better quantify the contribution of multicomponent atmospheric aerosols to GOM removal.

Table 3.8 Lifetime Estimations of HgCl 2 on the Surfaces of Primary and Secondary
Carbonaceous Aerosol Surrogates, Assuming Aerosol Particle Diameters are 0.4 μm
Surface
Succinic acid
Disodium
succinate
Levoglucosan
Soot

Number
concentration,
cm-3
9.6

Surface
Mass
GOM
concentration, concentration, lifetime,
μm2 cm-3
μg m-3
day
4.8
0.5
68

9.6

4.8

0.5

8

58
113

29.3
57.0

3.3
7.6

1
13
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CHAPTER 4
EXCHANGE REACTIONS OF
GASEOUS OXIDIZED MERCURY ON SURFACES

4.1 Introduction
To predict the transport and deposition of mercury in the atmosphere, the knowledge of its
speciation and chemical mechanisms is paramount. This need has led to a steady stream of
field, laboratory, and computational studies, whose number increased every time a critical
discovery was made, such as the observation of the fast mercury depletion events in ground
Arctic air upon Polar sunrise (Schroeder et al., 1998a) or ruling out the direct gas-phase
oxidation of GEM by atmospheric ozone (Calvert & Lindberg, 2005; Shepler et al., 2003;
Tossell, 2003). However, despite the intense research, our knowledge of molecular
speciation of mercury and its chemical mechanisms in the atmosphere is still limited and
based primarily on the results of computational studies, and to a lesser extent on
experimental work. We now know that the oxidation of GEM is initiated by free radicals,
most probably by atomic bromine, as shown in experimental (Ariya et al., 2002; Donohoue
et al., 2006), theoretical (Balabanov et al., 2003; Cremer et al., 2008; Dibble et al., 2012;
Goodsite et al., 2004; Khalizov et al., 2003; Shepler et al., 2007), and modeling (Holmes
et al., 2010; Holmes et al., 2006) studies. The resulting HgBr radical is relatively shortlived and must be stabilized via reactions with atmospheric species that are sufficiently
reactive yet abundant, such as NO2 and HO2, forming gaseous oxidized mercury (GOM)
molecules like BrHgONO and BrHgOOH (Jiao & Dibble, 2015, 2017b; Lam et al., 2019a;
Shepler et al., 2007). Recently, the first experimental study of the HgBr + NO 2 reaction
kinetics has been reported (Wu et al., 2020), and future experiments must focus on
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measuring accurate rate constants and identifying reaction intermediates and products
(Jaffe et al., 2014). Meanwhile, the major focus of field studies has been to improve the
limit of detection, accuracy, and temporal resolution of methods for the quantification of
different forms of mercury in the atmosphere (Jaffe et al., 2014). By necessity, those forms
are operationally defined even today, including GEM, GOM, particle bound mercury
(PBM), reactive mercury (RM = GOM + PBM), and total gaseous mercury (TGM = GEM
+ RM), but recently there have been efforts to establish molecular speciation of those
operationally defined forms.
The analytical techniques described in the introduction speciate atmospheric
mercury only operationally, where the principal difference between the individual species
is either the oxidation state (e.g., GEM versus GOM) or phase state (e.g., GOM versus
PBM), and with some notable exceptions they are unable to provide any molecular (or
chemical) speciation. One such exception involves the use of nylon membranes in RMAS
(Lyman et al., 2020c). Although inferior to CEM in collection efficiency (Huang et al.,
2015), nylon membranes can be thermally desorbed without interfering with CVAFS
analysis, providing an opportunity to get a glimpse of the chemical speciation of GOM and
RM (Huang et al., 2013). Using temperature programming with subsequent pyrolysis of
the thermally evolving GOM and by detecting it as GEM, this method relies on the
characteristic peak desorption temperatures of the atmospheric sample, comparing them
against a set of standards through a deconvolution procedure. It is assumed that the
collected GOM can be represented by a set of commercially available chemicals (such as
HgBr2, HgCl2, HgO, Hg(NO3)2, HgSO4, and CH3HgCl), which is a major limitation. Thus,
there have been attempts to exclude pyrolysis and use mass spectrometry instead to analyze

96

the gaseous chemicals evolving during thermal desorption (Deeds et al., 2015; Jones et al.,
2016). For instance, Deeds et al (Deeds et al., 2015) were able to detect HgCl 2 and HgBr2
in laboratory samples, using a commercial atmospheric pressure chemical ionization mass
spectrometer, but they observed a significant interference due to co-adsorbed contaminants
in atmospheric samples. Similarly, Jones et al (Jones et al., 2016) using gas
chromatography with cryo-focusing and mass spectrometry detection, were able to show
the presence of HgCl 2 and HgBr2 in laboratory samples, but not RM in atmospheric
samples. Notably, in both studies, HgBrCl has been detected and its formation was
rationalized by two different mechanisms: exchange in solution / on quartz wool surface
(Jones et al., 2016) versus an artifact of chemical ionization (Deeds et al., 2015). Failure to
detect any chemicals other than the volatile mercury (II) halides raises two crucial
questions: (1) Are atmospheric GOM molecules sufficiently stable and volatile to be
thermally desorbed from adsorbents? (2) Do these molecules maintain their original
chemical form on adsorbents against possible reactions with other GOM molecules, coadsorbed non-mercury species, and adsorbent surfaces?
Our major goal was to investigate the exchange reactions occurring on surfaces
during interaction with different gaseous GOM (Figure 4.1c), but we began our study by
first considering a set of simpler cases, including exchange reactions in aqueous solutions
(Figure 4.1a) and exchange reactions between gaseous chemicals and surface-bound
chemicals (Figure 4.1b). As appropriate, reaction products formed in these systems were
analyzed in solid phase (Raman spectroscopy), aqueous phase (ESI-MS), and gaseous
phase (ID-CIMS). The principle questions our study aimed to address were: can
volatilizable mercuric compounds form during the interactions between (1) different
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covalent mercuric compounds (e.g., HgCl 2 and HgBr2), (2) a covalent mercuric compound
and an ionic non-mercury compound (e.g., HgBr 2 and HCl or KCl), and (3) an ionic
mercuric compound and an ionic non-mercury compound (e.g., Hg(NO3)2 and KCl). If
occurring, either on aerosols in the atmosphere or on substrates upon collection and
analysis, such reactions would scramble the original chemical composition of GOM
formed during the photochemical oxidation of GEM in the atmosphere.

Figure 4.1 The overall approach and detection methods used to study exchange reactions:
(a) reactions of HgBr2 and Hg(NO3)2 with HgCl2 and Cl– in aqueous solution, (b) reactions
of gaseous HgCl2 and HCl with the surface-bound HgBr2, and (c) reaction of gaseous
HgCl2 and HgBr2 in the presence of different surfaces.

4.2 Experimental
We used commercial mercuric chloride (HgCl 2, Honeywell, >99.5%), mercuric bromide
(HgBr2, Sigma Aldrich, > 99.0%), and mercuric nitrate monohydrate (Hg(NO3)2H2O,
Sigma Aldrich, >98.0%) as proxies for GOM. Ammonium chloride (NH4Cl, Supelco,
≥99.8%), potassium chloride (KCl, Acros Organics, >99%), and hydrogen chloride (HCl,
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Sigma-Aldrich, 37%) served as non-mercury co-adsorbing chemicals or substrates.
Polyethersulfone cation exchange membranes (PES, Cole-Parmer, 90 mm Diameter, pore
size of 0.45 μm), nylon membranes (Cole-Parmer, 90 mm Diameter, pore size of 0.45 μm),
and the deactivated borosilicate glass (Pyrex) were used as surfaces. Cation exchange
membranes (CEM) and nylon membranes trap GOM with high efficiency and are thus
commonly utilized in field studies as collection substrates (Dunham-Cheatham et al., 2020;
Gustin et al., 2019; Marusczak et al., 2017). On the contrary, the smooth surface of the
borosilicate glass is relatively inert towards HgCl2 (Mao et al., 2021). In our experiments,
the glass was deactivated with dimethyldichlorosilane (DMDC, Sigma-Aldrich, ≥98.5%),
as described previously (Mao et al., 2021).
Aqueous solutions of HgCl 2 (140 mM), HgBr2 (16 mM), Hg(NO3)2H2O (16 mM),
KCl (33 mM), and NH4Cl (1.2 mM) were prepared by dissolving the corresponding solids
in distilled water. The 6% HCl solution was prepared by diluting the concentrated HCl with
distilled water. The HgBrCl solution (32 mM) was prepared by mixing aqueous HgCl2 and
HgBr2 in a 1:1 molar ratio, and a crystalline HgBrCl was obtained by evaporating this
solution. Surfaces were either pretreated with various chemicals by applying a small aliquot
(0.1 mL) of solution and then drying (CEM/nylon membranes and frosted borosilicate glass)
or directly exposed to gas-phase chemicals in situ (CEM/nylon membranes, deactivated
borosilicate glass, and PTFE). Gaseous HgCl 2 and HgBr2 were introduced in a flow of
helium from glass injectors. An injector was a 0.25-inch outer diameter borosilicate tube
with a 5-cm-long column of crystalline powder of the corresponding mercuric halide
packed between two plugs of deactivated glass wool (Khalizov et al., 2020; Mao et al.,
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2021). Gaseous HCl was introduced in a flow of helium from a vial equipped with a PTFE
stopcock and containing 6% HCl solution in water.
4.2.1 Analysis of Solid Samples
Solid samples were analyzed by Raman microscopy, using a high-resolution confocal
dispersive DXRxi Raman Microscope (Thermo Scientific). A slide holding a small amount
of the solid sample was placed on a high-precision motorized stage under the 10× or 50×
microscopic objective. After testing various magnification levels, we collected Raman
spectra at 1 cm-1 per CCD pixel resolution using high-resolution grating (range
50-1800 cm-1). The samples were excited by a diode-pumped solid state (DPSS) laser with
a 532 nm wavelength, using a 5.0-10.0 mW laser power. The spectral acquisition time was
5−50 s, depending on the signal strength.
4.2.2 Analysis in Solutions
Solutions were analyzed by Electrospray Ionization Mass Spectrometry (ESI-MS), using a
TSQ Quantum Classic triple-quadrupole mass spectrometer (Thermo Scientific) equipped
with an ESI source. Samples (e.g., 44 μM HgBr 2 and 30 μM Hg(NO3)2) were spiked with
NH4Cl (1.2 mM), injected with a syringe (Hamilton, 50 μL) into a 10 μL sample loop
connected to a multi-port valve, and then flushed into the ESI capillary continuously with
a flow of solvent (3 μL/min, methanol:water = 50:50, 1.2 mM NH 4Cl) delivered by a
programmable syringe pump (New Era, syringe volume 5 mL). The analysis was
performed in the negative ion mode, using spray voltage of -3 kV, nitrogen sheath of 2
relative units (supply pressure 90 psi), ion transfer tube temperature of 270 ºC, mass
spectral resolution of 0.7 amu, and a typical scan range of 290-400 amu.

100

4.2.3 Analysis in Gas Phase
Volatile mercury compounds were analyzed in the gas phase using the Ion Drift - Chemical
Ionization Mass Spectrometry (ID-CIMS) (Fortner et al., 2004; Khalizov et al., 2020). In
ID-CIMS, neutral molecules are converted to ions through ion-molecule reactions in a drift
tube and then detected using an Extrel CMS quadrupole mass spectrometer equipped with
a counting electron multiplier. In this study, the reagent ion was SF 6–, produced by corona
discharge in N2 spiked with a trace amount of SF6. This reagent ion reacts with mercuric
halides via fluoride transfer (Equation 2.4) (Khalizov et al., 2020).

Figure 4.2 Ion drift – chemical ionization mass spectrometer coupled to a fast flow reactor.
The reactor could be either 1 cm radius and 30 cm length or 0.64 cm radius and 5 cm length,
giving an average flow velocity of 3 or 8 m s -1, corresponding to a contact time of 3-98 or
6-7 ms, respectively, depending on the exposed surface length. Typical helium carrier flow
was 140 sccm, and the reactor pressure was 2 Torr.

Gaseous mercuric compounds entered the drift tube from a deactivated-wall glass
reactor (1 cm radius 30 cm length, or 0.64 cm radius 5 cm length maintained at a 2 Torr
pressure, same as in the drift tube). In the experiments with CEM membranes, a rectangular
piece of membrane (untreated or pre-treated with chemicals) was rolled to form a cylinder
and inserted coaxially into reactor (Figure 4.2).
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Gaseous chemicals released by the membrane were swept by a carrier helium flow,
which was supplied through a side inlet at the back of the reactor, and delivered into the
drift tube for analysis. In some experiments, the sample was heated to a temperature up to
120 C, using a heating tape wrapped around the reactor. In exposure studies, gaseous
HgCl2, HgBr2, or both were introduced from movable glass injectors described above. The
injector tip could be positioned either upstream or downstream of the membrane to begin
or terminate the exposure, and the flow through the injector could be turned on or off. The
total flow of helium in the reactor had an average velocity of 3–8 m s-1, corresponding to a
contact time of 3–98 or 6–7 milliseconds, respectively, depending on the contact surface
length.

4.3 Results and Discussion
4.3.1 Exchange Reactions in Aqueous Solutions
Our first step was to synthesize HgBrCl through the exchange reaction between HgCl 2 and
HgBr2 in an aqueous solution, isolate this chemical in crystalline form, and explore its
analysis using different analytical methods (Figure 4.3a). Like other mixed mercuric
halides, HgBrCl can readily form upon mixing the individual halides in vapor and liquid
phases.(Beattie et al., 1970; Givan et al., 1976a; Givan et al., 1976b; Janz et al., 1963) Our
synthesis was carried out by reacting the saturated solutions of HgBr2 (16 mM) and HgCl 2
(140 mM) in a 1:1 molar ratio (Equation 4.1).

HgBr2(aq) + HgCl2(aq) → 2HgBrCl(aq)
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(4.1)

Figure 4.3 Identification of HgBrCl formed during the exchange between two covalent
mercury compounds, HgCl 2 and HgBr2, in an aqueous solution, using a 1:1 molar ratio: (a)
Raman spectra of individual reactants (HgCl 2 and HgBr2) and their crystalline reaction
product and (b) ID-CIMS analysis of the vapor released by the crystalline reaction product.
In the HgBrCl spectrum, peaks corresponding to HgCl 2 and HgBr2 are marked as dashed
green lines and red dash-dot lines, respectively.

We analyzed the reaction mixture by ESI-MS, using the positive and negative ion
modes with formic acid and ammonium formate as electrolytes, respectively, but detected
neither the reactants nor the product. This is in agreement with the previous report on the
low proton affinity of mercuric halides (Dibble et al., 2014) and their weak binding with
organic acids (Rutter & Schauer, 2007). Accordingly, subsequent analysis was performed
on a solid crystalline sample obtained by crystallization of the aqueous reaction mixture.
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Table 4.1 Raman Shifts (cm -1) of HgCl2, HgBr2, and HgBrCl a,b
Chemical

Our measurement
solid state

Literature
molten
state(Janz &

James, 1963)

HgCl2

HgBr2

73.1 (s)
123.3 (m)
313.2 (vs)
382.6 (vw)

313 (p)
376 (dp)

55.8 (vs)
185.0 (vs)

195 (p)

matrix
isolation(Givan

solid
state(Janz &

& Loewenschuss, James, 1963)
1976a; Givan &
Loewenschuss,
1976b)

345 (m)
353.3 (vs)
358.4 (vs)

116
314
375
184

219
222.5-225
271 (p)
HgBrCl

a
b

55.8 (vs)
89.2 (m)
110.5 (m)
204.3 (vs)
231.3 (vs)

111 (vw)
203 (vw)
236 (m.)

319.0 (m)
347.0 (w)

319 (vw)
335 (m)

91
253.6 (vs)
255.5(vs)
363.7(w)
369.3(w)
378.8(vs)
386.5 (vs)

Produced by mixing HgCl2 and HgBr2 solutions in a 1:1 molar ratio
vs, very strong; s, strong; m, medium; w, weak; vw, very weak; p, polarized, dp, depolarized

Figure 4.3a shows the observed Raman spectra of crystalline HgCl 2, HgBr2, and
HgBrCl. The corresponding Raman shifts are listed in Table 4.1, along with the literature
data. Our spectral data for reactants are in fair agreement with previous studies (Givan &
Loewenschuss, 1976a; Givan & Loewenschuss, 1976b; Janz & James, 1963) of the solid
state samples, with additional peaks in the low-frequency region (50-200 cm-1) that were
not reported previously. For instance, HgCl 2 has two strong peaks (73.1 and 313.2 cm -1), a
medium peak (123.3 cm -1), and a very weak peak (382.6 cm -1). The last three peaks are
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somewhat shifted relative to previous observations (Givan & Loewenschuss, 1976a; Givan
& Loewenschuss, 1976b; Janz & James, 1963), and a new feature at 73.1 cm -1 is observed
in the low-frequency region. The solid HgBr 2 has two strong peaks in our instrument’s
range (55.8 and 185 cm-1), where the latter peak matches previous observation made on a
solid sample (Table 4.1). On the basis of the spectrum obtained for the reaction product,
we conclude that the reactants were nearly fully converted into HgBrCl (logK 1.10-2.0
(Marcus, 1957; Spiro & Hume, 1961)). The spectrum shows three strong peaks (55.8, 204.3,
and 231.3 cm -1), two medium strength peaks (89.2, 110.5, and 319.0 cm -1 ) and a weak
peak (347.0 cm -1). Since there is no spectral information on HgBrCl in the solid state and
below 91 cm -1, we can only compare our experimental data against the literature values
obtained for HgBrCl in an argon matrix and molten state (Table 4.1). Among all those
spectral lines, 55.8 cm -1 in HgBrCl matches the low-frequency region in HgBr 2 and 89.2
cm-1 matches the peak at 91 cm -1 in argon matrix. In addition, the peaks at 110.5, 204.3,
231.3, and 319.0 cm -1 match closely to the peaks at 111, 203, 236, and 319 cm -1 in the
molten state, although the peak strength often is different, probably due to the difference
in the phase state. Finally, the peak at 347 cm -1 may correspond to the peak at 335 cm -1 in
the molten state and a group of peaks at 363.7–386.5 cm-1 in the argon matrix.
Figure 4.3b shows a mass spectrum of the volatile components of the solid reaction
product. The mass spectrum was obtained by ID-CIMS on a sample prepared by depositing
the solution with reaction mixture on a CEM membrane, drying, and placing the membrane
inside the reactor under a flow of helium at ambient temperature. Three groups of peaks
can be clearly seen, corresponding to gas-phase HgCl 2, HgBr2, and HgBrCl in the form of
their complexes with F–. It should be noted that normally CEM membranes require heating
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to release the trapped GOM and the observed evaporation at room temperature was due to
membrane being overloaded, resulting in a layer of a solid product over the membrane.
The peak intensity does not necessarily reflect the composition of the solid material on t he
membrane, as several effects must be taken into account, including the mass discrimination
of the instrument, the difference in ion-molecule reaction rate constants, the difference in
volatility of these three chemicals, and possible disproportionation of HgBrCl upon
evaporation off the sample surface. Nevertheless, based on the Raman and mass spectra,
we conclude that in an aqueous solution a significant fraction of the original HgCl 2 and
HgBr2 was converted to a mixed halide product HgBrCl.

Figure 4.4 Identification of products formed in aqueous solutions through the exchange
reactions involving a covalent mercury compound (HgBr 2), an ionic mercury compound
(Hg(NO3)2), and ionic non-mercury compounds (KCl and NH4Cl): (a) ID-CIMS analysis
of vapor above crystalline product of the reaction between HgBr 2 (16 mM) and KCl (33
mM); (b) ESI-MS analysis of a mixture of HgBr 2 (44 μM) and NH4Cl (1.2 mM) in
water:methanol (50:50) solution; (c) ID-CIMS analysis of vapor above the crystalline
product produced in the reaction between aqueous Hg(NO3)2 (16 mM) and KCl (33 mM);
and (d) ESI-MS analysis of a mixture of Hg(NO3)2 (30 μM) and NH4Cl (1.2 mM) in
water:methanol (50:50) solution.
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Our next step was to test if the exchange can occur readily when one or both
reactants are ionic rather than covalent substances. Figure 4.4a and 4.4b demonstrate the
formation of HgBrCl and HgCl 2 through a stepwise exchange of HgBr2 with Cl– in an
aqueous phase (Equations 4.3 and 4.4).

HgBr2(aq) + Cl–(aq) → HgBrCl(aq) + Br–(aq)

(4.3)

HgBrCl(aq) + Cl–(aq) → HgCl2(aq) + Br–(aq)

(4.4)

Reaction products were analyzed in the gas and in solution, using ID-CIMS and
ESI-MS, respectively. The sample for the gas-phase analysis was prepared by treating a
cation exchange membrane with an aqueous solution containing HgBr 2 and KCl (16 mM
and 33 mM, respectively) and drying. Then, the volatile constituents were detected by IDCIMS in a flow of 140 standard cubic centimeters per minute (sccm) helium at 2 Torr.
Figure 4.4a shows the presence of an unreacted HgBr 2, along with the newly formed
HgBrCl, in vapor released by the overloaded membrane even at room temperature. The
signal of desorbed chemicals increased when the membrane was heated up to 40 ºC. The
analysis in the aqueous phase was performed on a mixture of 44 μM HgBr2 and 1.12 mM
NH4Cl, using ESI-MS. In these experiments, a semivolatile NH4Cl was used instead of
KCl as both an electrolyte and a source of Cl –, to eliminate the interference from K+ ions
on the electrospray performance. Figure 4.4b shows that when present in a great excess,
Cl– could replace up to two Br – in HgBr2, forming HgBrCl and HgCl 2 (Equations 4.3 and
4.4), which complexed further with Cl – (Equations 4.6 and 4.7) in the electrospray to
107

generate HgBrCl 2– and HgCl3– (Sjoberg, 1977), as observed in the mass spectrum. A
similar complexation reaction with Cl – (Equation 4.5) occurred to HgBr 2, which was
detected as HgBr 2Cl–.

HgBr2(spray) + Cl–(spray) → HgBr2Cl–(spray)

(4.5)

HgBrCl(spray) + Cl–(spray) → HgBrCl2–(spray)

(4.6)

HgCl2(spray) + Cl–(spray) → HgCl3–(spray)

(4.7)

Using similar approaches, we also investigated the exchange between two ionic
compounds, Hg(NO3)2 and KCl (or NH4Cl), in an aqueous solution. The ID-CIMS analysis
of vapor of the solid product at room temperature (Figure 4.4c) showed the presence of
HgCl2 (as HgCl2F–), which was formed via Equation (4.8), below. Heating the sample to
58 ºC resulted in the disproportionation of the solid Hg(NO 3)2H2O, generating a large
concentration of gas-phase nitric acid (Equation 4.9), which then reacted with SF6– in the
ion drift tube to form a strong peak of HFNO3– (Equation 4.11) (Huey et al., 1995). The
latter acted as a secondary reagent ion, converting HgCl 2 to HgCl2NO3– (Equation 4.10).
However, Hg(NO3)2 itself was not volatile under conditions of our experiment, as we could
not detect any mercury-related signals upon heating of the pure crystalline Hg(NO3)2H2O
to about 100 C.

Hg2+(aq) + 2Cl–(aq) → HgCl2(aq)
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(4.8)

Hg(NO3)2H2O(s) → Hg(OH)NO3(s) + HNO3(g)

(4.9)

HgCl2(g) + HFNO3–(g) → HgCl2·NO3–(g) + HF

(4.10)

HNO3(g) + SF6–(g) → HFNO3–(g) + SF5 (g)

(4.11)

HgCl2 (spray) + Cl–(spray) → HgCl3–(spray)

(4.12)

Upon the analysis in the aqueous phase, injecting the solution containing 30 μM
Hg(NO3)2 and 1.12 mM NH4Cl into ESI-MS showed HgCl 3– as the only ion product
(Figure 4.4d). Based on the reported Hg2+ + Cl– equilibria (Sjoberg, 1977), at this
concentration of aqueous chloride most of Hg(II) would exist as HgCl 2, and the observed
trichloride ion most probably was formed when the concentration of chloride increased
dramatically upon evaporation of the electrospray droplets (Equation 4.12).
Thus, we conclude that in aqueous solutions, Hg(II) can readily exchange ligands
with itself and other compounds containing halide ions to form simple or mixed mercury
halides, depending on the reactant ratios. Volatile mercury halides can readily desorb off
the solid samples prepared by crystallization of the above solutions.
4.3.2 Exchange Reactions Between Chemicals Present in Gas and on Surface
Having understood the interactions of mercuric species and non-mercury species in
solution, we could investigate the interactions between gaseous and surface-bound
chemicals. The surface-bound HgBr2 was prepared by treating the cation exchange
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membrane with 16 mM HgBr 2 solution and drying. The membrane was then exposed to
gaseous HgCl2 or HCl inside a reactor connected to ID-CIMS (Figure 4.2b). In an
additional experiment, the membrane was exposed to a 50 μM KCl solution to obtain less
than a monolayer KCl coverage, dried, and then exposed to gaseous HgBr 2 in the flow
reactor.

Figure 4.5 Exchange reaction of gaseous HgCl 2 with the surface-bound HgBr2: (a) mass
spectrum taken during exposure at ~20 min and (b) selected ion traces of HgCl 2 (291 amu,
as HgCl2F-), HgBr2 (381 amu, as HgBr 2F-), and HgBrCl (335 amu, as HgBrClF-). The
surface-bound HgBr2 was prepared by treating the cation exchange membrane with an
aqueous HgBr2 solution (16 mM) and drying. Gaseous HgCl 2 was introduced in helium
flow at room temperature (295 K) at 2 Torr and volatile products were analyzed by IDCIMS. The HgCl 2 injector was retracted at 12 min to begin exposure and moved to its
original position at 40 min to stop exposure. The background signal with the reactor
disconnected from the ID-CIMS is shown as a grey trace in (a).
Figure 4.5b shows selected ion traces of the reactants and product for the case
involving the exposure of the membrane-bound HgBr2 to HgCl2. At 0–12 min, HgCl2 was
flowing (7.7 × 1010 molecule cm -3 in the reactor), but the injector tip was positioned
downstream of the membrane, hence preventing its direct exposure to HgCl 2. Nevertheless,
HgBrCl was produced and in a large amount, as indicated by its strong signal compared to
the signal of HgCl 2. The signal of HgBr 2 desorbing off the membrane can also be seen
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because the membrane was overloaded with HgBr 2, as discussed above. The presence of a
large concentration of HgBrCl under conditions of no membrane exposure to HgCl 2
indicates that the exchange between HgCl 2 and HgBr2 was occurring not on the membrane
(Equation 4.13), but on the deactivated reactor wall downstream (Equation 4.14) with
surface coverages of under a single monolayer, as described in detail in Section 4.3.3.

HgCl2(g) + HgBr2(membrane) → 2HgBrCl(membrane)

𝑃𝑦𝑟𝑒𝑥

HgCl2(g) + HgBr2(g) →

2HgBrCl(g)

(4.13)

(4.14)

When at 12 min, the injector was retracted, the concentration of HgCl 2 decreased,
mostly due to its uptake by the untreated portion of the membrane. The concentration of
HgBrCl decreased as well, indicating that most of HgBrCl produced on the membrane
remained there in the adsorbed state at room temperature. The concentration of HgBr2
increased because less of it was converted to HgBrCl on the reactor wall downstream when
the concentration of HgCl 2 was lowered. Figure 4.5a shows the mass spectrum of the
reactants and the product at approximately 20 min. Upon returning the injector to its
original position downstream the membrane at ~39 min, signals of the reactants and
exchange product returned to their initial levels.
It is instructive to compare this case against an experiment where the exchange
reaction was studied between gaseous HgBr2 and solid HgCl 2 deposited on the surface of
a frosted borosilicate (Pyrex) tube, similar as in our recently reported uptake experiments
(Mao et al., 2021). Not only HgCl2 is more volatile than HgBr 2 (Bernard et al., 1997; Ruf
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et al., 1954; Stull, 1947; Trimble, 1987), but also its binding with the frosted tube is weaker
than with the membrane. Hence, a significant amount of HgCl 2 was continuously desorbed
into the helium flow and carried into ID-CIMS, producing a HgCl 2F– signal approximately
100 times stronger than the signal of HgBr 2F– (Figure 4.6). The HgCl2F– product ion was
so abundant that it acted as a secondary reagent ion along with SF6–, initiating secondary
ion-molecule reactions in the drift tube to form HgCl 3– and HgBrCl2– (Equations 4.15 and
4.16).

HgCl2F– + HgCl2 → HgCl3– + HgClF

(4.15)

HgCl2F– + HgBr2 → HgBrClF– +HgBrCl

(4.16)

Figure 4.6 Mass spectra of gaseous chemicals released upon the interaction between
gaseous HgBr2 and surface-bound HgCl2: (a) species of a lower abundance and (b) highly
abundant HgCl 2F– ion product. The surface-bound HgCl2 was prepared by treating the
frosted borosilicate glass tube with a 140 mM aqueous HgCl 2 solution and drying. Gaseous
HgBr2 was introduced in a flow of helium at room temperature (295 K) and volatile
products were analyzed by ID-CIMS.
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When the membrane loaded with nearly a monolayer of KCl was exposed to
gaseous HgBr2, no HgBrCl was released at room temperature, confirming the previously
reported high collection efficiency of CEM (Lyman et al., 2020c). However, upon heating
up of the exposed membrane, both the unreacted HgBr 2 and the newly formed HgBrCl
were released, as shown in Figure 4.7, confirming that the exchange can occur even on a
membrane with a monolayer surface coverage.

Figure 4.7 Exchange reaction between gaseous HgBr 2 and a monolayer of KCl on a cation
exchange membrane. The coated membrane was prepared by placing a droplet of a 50 μM
KCl solution on a new membrane and drying. Gaseous HgBr2 was introduced in helium
over 5 min, then its flow was stopped and the membrane was heated to 72 ºC to desorb the
reactant and product (black trace). The mass spectrum obtained with the reactor heated to
72 ºC without the membrane is shown by the red trace.

We also conducted experiments by exposing HgBr 2 deposited on a CEM membrane
to gaseous HCl, which was introduced through a movable injector similar to the experiment
with gaseous HgCl 2. By adjusting the stopcock of the vial holding the HCl solution, the
concentration of gaseous HCl in the reactor could be varied between 1012–5×1013 molecule

113

cm-3, as estimated from the signal of its product ion HFCl – formed via Equation (4.17)
(Huey et al., 1995) (Figure 4.8 inset).

Figure 4.8 Exchange reactions of surface-bound HgBr2 with gaseous HCl. The surfacebound HgBr2 was prepared by treating a cation exchange membrane with the aqueous
HgBr2 solution (16 mM) and drying. Gaseous HCl was exposed to the surface-bound
HgBr2 in a helium flow at room temperature (295 K) and volatile products were analyzed
by ID-CIMS. The inset shows the mass spectrum of the HFCl – ion product produced in a
large concentration in the ion-molecule reaction of HCl with SF6–.
HCl + SF6– → HFCl– +SF5

(4.17)

HCl(g) + HgBr2(frosted pyrex) → HgBrCl + HBr

(4.18)

HgBrCl + HFCl – → HgBrCl2– + HF

(4.19)

The signal of HFCl – was nearly 300 times stronger than that of HgBr 2F–. Hence,
the mixed halide HgBrCl that was produced in the exchange Equation (4.18) could be
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detected not only as HgBrClF– through the reaction with SF6–, but also as HgBrCl 2– through
the reaction with HFCl – (Equation 4.19), as shown in Figure 4.8.
Here we can conclude that mercuric halides can readily engage in exchange
reactions with other mercuric halides, hydrogen chloride, and chloride ion, where one of
the chemicals is present in the gas phase and the other one is sorbed on membranes or on
frosted borosilicate glass. Furthermore, these exchange reactions can occur even on
deactivated borosilicate glass or at a surface coverage corresponding to a single monolayer.
4.3.3 Exchange Reactions of Gaseous Oxidized Mercury Catalyzed by the Surface
In this section, we present the results of experiments where exchange reactions between
HgCl2 and HgBr2 were studied by delivering both mercuric halides in flow of gas. Two
types of surfaces were selected: a relatively inert deactivated borosilicate glass and highly
adsorptive cation exchange and nylon membranes. As shown in the previous section, our
experiments involving the interaction between the gaseous and sorbed chemicals indicated
the occurrence of a rapid exchange on the deactivated glass, and hence we present those
experiments first.
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Figure 4.9 Exchange reaction between two gaseous covalent mercury compounds, HgCl 2
and HgBr2 in the presence of (a) inert surface (deactivated borosilicate glass) and (b) highly
adsorptive surface of the cation exchange membrane. Gaseous reactants were introduced
stepwise from individual injectors, using helium as a carrier gas at 2 Torr pressure. The
total flow velocity was 8 and 3 m s -1 in (a) and (b), corresponding to contact times of 6-7
and 3-4 ms, respectively. Also, in case (b) the supply of reactants was cut off at 38 min and
the membrane was thermally desorbed by heating from room temperature to 114 C in a
flow of helium (140 sccm). Detection was performed in real-time by ID-CIMS, using
selected ion traces at m/z 291 amu (HgCl 2F-), 381 amu (HgBr2F-), and 335 amu (HgBrClF-).

In the experiments with deactivated glass, the inner wall of the flow reactor was
used as the surface for exchange. Gaseous HgCl 2 was introduced through a movable
injector while gaseous HgBr 2 was admixed into the main helium flow, which entered
through a side inlet at the back of the 0.64 cm radius and 5 cm length reactor (Figure 4.1).
The reaction was initiated by starting or stopping the flows of HgCl 2 and HgBr2, and the
reaction time (of the order of 1-10 milliseconds) could be controlled by moving the HgCl2
injector forward or backward while the signals of the reactants and exchange product were
recorded in real-time by ID-CIMS. In Figure 4.9a, only the helium carrier flow was turned
on initially, whereas HgCl 2 and HgBr2 flows were kept off. However, both halides and the
exchange product could be detected because even in the absence of the injector flows, small
amounts of halide vapors emerged from the injectors by diffusion, which was further aided
by the Bernoulli effect due to the fast carrier flow velocity (8 m s-1). At 11 min, the HgBr 2
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flow was turned on (2 sccm), leading to an increase in the HgBrCl signal and a decrease in
HgCl2. At 19 min, the HgCl 2 flow was also turned on (2 sccm), leading to a more significant
increase in HgBrCl and a decrease in HgBr2, as expected from the reaction stoichiometry
(Equation 4.14). The change in signals due to varying of the HgCl 2 flow was larger than
when varying the HgBr 2 flow because HgCl 2 has a higher saturation vapor pressure than
HgBr2, resulting in a higher concentration for the same injector flow rate. Later, when the
HgBr2 flow was increased stepwise to 4 and 8 sccm at 35 and 44 min, respectively, the
signal of HgBrCl increased and the signal of HgCl 2 decreased, accordingly. At 51 min, the
HgCl2 flow was turned off, its signal dropped and the signal of HgBrCl followed (although
lagging behind HgCl 2), but the signal of HgBr 2 increased because less of it was now
consumed through the exchange with HgCl 2. Finally, the flow of HgBr 2 was decreased to
2 sccm and 0 sccm at 61 and 67 min, respectively, which resulted in a decrease in HgBrCl,
but an increase in HgCl 2.
At any given reaction time for any ratio of concentrations, the ratio of the signals
2
SHgBrCl
/(SHgCl2 × SHgBr2 ) remained around 4.5 and the signal of HgBrCl was

approximately equal to the sum of signals of HgCl 2 and HgBr2, for instance, SHgBrCl ≈ SHgCl2
+ SHgBr2. The latter observation is in agreement with the reaction stoichiometry (Equation
4.14) and also indicates that the contributions from the ion mass discrimination and
different ion-molecule reactivities in ID-CIMS were of minor importance. Thus, the former
ratio can be treated as the equilibrium constant for Equation (4.14) on a deactivated Pyrex
surface, where logK = 0.65. This value is somewhat outside of the range reported
previously (logK = 1.1–2.0 (Marcus, 1957; Spiro & Hume, 1961)), which is not surprising,
as those previous values were measured in solutions and vapors (although surface catalysis
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is expected in the latter case). Time dependent ion traces show that the exchange was fast
and occurred on a timescale of the adsorption-desorption process (Figure 4.9a). When the
concentration of one reactant was changed abruptly, the other reactant and product adjusted
at a comparable rate. Moving the injector forward or backward to change the reaction time
by several milliseconds had a minor effect on the signals magnitude, confirming that the
reaction was at equilibrium due to the fast exchange. In addition, we discovered that
placing a PTFE sleeve inside the reactor to replace the surface of silylated borosilicate with
fluoropolymer had no significant effect on the extent of exchange, indicating that even
minor surface adsorption was sufficient to drive the exchange reaction at 10 10–1011
molecules cm –3 reactant concentrations.
Before we move to the next case, it is important to rule out the contribution of gasphase processes in the formation of HgBrCl, i.e., we need to establish that this reaction
indeed occurred on the surface and not as an interaction between two gas-phase neutrals or
a neutral and an ion. It can be readily shown that these gas-phase reactions are simply not
fast enough to explain the observed degree of conversion of the reactants. Indeed, assuming
the gas-phase reaction between neutrals as bimolecular barrierless process occurring at a
collision limit (kbi ~ 10–10 cm3 molecule-1 s-1), the characteristic time for the HgBrCl
formation τ = (kbi×[HgCl2])–1 is about 0.1 second, which is at least 10 times longer than the
typical residence time in the reactor. Ion-molecule reactions are about ten times faster than
the collision limit for neutrals, but in order for the secondary ionization reaction to occur,
e.g., HgCl2F– + HgBr2 → HgBrClF– + HgBrCl, a large concentration of the HgCl 2F– ion
product is required. For instance, in the previous section we show cases where 100–300
times higher concentrations of product ions HgCl 2F– and HFCl– were needed to serve as
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secondary reagent ions and produce comparable signals of additional ions. Also, in those
reactions only a single atom was exchanged during the collision, whereas in the above
reaction two atoms from different moieties would have to be exchanged, which is not
feasible entropically.
Finally, we also conducted an experiment where an untreated cation exchange
membrane was exposed to gaseous HgCl 2 and HgBr2 similar as during atmospheric GOM
sampling, albeit using significantly higher concentrations of gaseous chemicals. In this
experiment, the membrane was cut into a 4×1 cm rectangle, rolled into a cylinder, placed
inside the reactor, and exposed first to HgCl 2 and then to HgBr2. As the reactor allows for
only one movable injector at a time, the HgCl 2 injector had to be replaced with the HgBr 2
injector in the middle of the experiment, and during this time, the valve separating the flow
reactor from ID-CIMS was kept closed.
Figure 4.9b shows such an experiment, where the membrane was sequentially
exposed to HgCl2 and HgBr2, and then heated to 114 C while monitoring the reactants and
products in real-time by ID-CIMS. At zero time, HgCl 2 was being introduced into the
reactor in a flow of helium (2 sccm), but the tip of the injector was positioned downstream
the membrane, preventing exposure. At about 2 min, the injector was retracted behind the
membrane to start the exposure, resulting in a significant drop in the HgCl 2 signal. After
about 10 min, the exposure was terminated by returning the injector to its original position
and the signal recovered to its initial value. The increasing trend in the signal before, during,
and after exposure was caused by the drift in the HgCl 2 and reagent ion concentrations.
When accounted for the drift, the signal recovery with the retracted injector was negligible,
indicating that no desorption was taking place and hence the membrane surface was below
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saturation by HgCl 2. At 18 min, the HgCl 2 injector was replaced with the HgBr 2 injector,
and a 4 sccm flow of gaseous HgBr 2 was introduced in a flow of helium. The exposure
began at 20 minutes and continued for 10 minutes, and then all flows were stopped except
for the main helium carrier. During this time, no significant desorption occurred from the
membrane at room temperature, confirming previous reports of the CEM effectiveness as
a collecting medium (Lyman et al., 2020c). When at 38 min the membrane was heated from
room temperature to 114 C to desorb the trapped GOM, the release of HgCl 2, HgBr2, and
the exchange product HgBrCl occured (Equation 4.20).

𝑀𝑒𝑚𝑏𝑟𝑎𝑛𝑒

HgCl2(g) + HgBr2(g) →

2HgBrCl

(4.20)

Figure 4.10 Exchange reaction between two gaseous covalent mercury compounds, HgCl 2
and HgBr2 in the presence of a highly adsorptive surface of the nylon membrane. Gaseous
reactants were introduced stepwise from individual injectors, using helium as a carrier gas
at 2 Torr pressure. The total flow velocity was 3 m s -1, corresponding to a contact time of
3-4 ms. The supply of reactants was cut off at 36 min and the membrane was thermally
desorbed by heating from room temperature to 114 C in a flow of helium (140 sccm).
Detection was performed in real-time by ID-CIMS, using selected ion traces at m/z 291
amu (HgCl2F-), 381 amu (HgBr2F-), and 335 amu (HgBrClF-).
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Repeating the experiment with nylon a membrane showed a nearly identical
exchange pattern (Figure 4.10). In both experiments the membranes were placed close to
the reactor exit to minimize the interaction with the reactor wall, but we cannot exclude
that some additional exchange may have occurred on Pyrex after desorption downstream
of the membranes. To verify if the wall exchange reaction could be limited by gas transport,
we repeated the experiment in an empty reactor in nitrogen carrier, but observed an
identical behavior (Figure 4.11). Based on these experiments, we conclude that exchange
between gaseous mercuric compounds is rapid and may occur not only on highly adsorptive
membranes but also on relatively inert surfaces, such as the deactivated borosilicate glass.

Figure 4.11 Exchange reaction between two gaseous covalent mercury compounds, HgCl 2
and HgBr2 in the presence of inert surface (deactivated borosilicate glass), using nitrogen
as a carrier gas. Gaseous reactants were introduced stepwise from individual injectors at 2
Torr pressure. The total flow velocity was 8 m s -1, corresponding to contact times of 6-7
ms, respectively. Detection was performed in real-time by ID-CIMS, using selected ion
traces at m/z 291 amu (HgCl 2F-), 381 amu (HgBr2F-), and 335 amu (HgBrClF-).
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4.4 Conclusions and Atmospheric Implications
We investigated mutual interactions of mercuric compounds and other chemicals under
conditions that simulate the processing of GOM by atmospheric aerosols and the collection
of GOM during speciation analysis, and found occurrences of a rapid exchange in solutions,
on surfaces, and in the gas phase in the presence of surfaces. Depending on the relative
concentrations of chemicals, this exchange can either modify or even completely scramble
the molecular speciation of mercuric compounds under our experimental conditions. In our
study, limited by the current detection limit of ID-CIMS, the experiments were conducted
using concentrations of mercuric compounds (10 10–1011 molecules cm -3) that were
significantly higher than in the atmosphere (~10 5 molecules cm -3). Thus, in the following,
we extrapolate our results towards typical atmospheric conditions to make predictions.
First, we evaluate the potential for GOM to undergo exchange when it is converted
to PBM via partitioning to atmospheric particulate matter (PM), such as the sea salt.
Assuming the PM and PBM concentrations of 10 µg m-3 and 5-100 pg m-3, respectively
(Lewis & Schwartz, 2004; Lyman et al., 2020a), and a relative humidity of 60%, the
concentrations of NaCl and PBM in the particle phase will be ~5 M and 0.5-10 uM,
respectively. The latter PBM concentrations are comparable to the concentration used in
the experiments shown in Figure 4.4 (b,d), while the particulate NaCl concentration greatly
exceeds the concentration used in those experiments. Thus, as shown previously by
thermodynamic evaluations (Lin et al., 2006), GOM species taken by atmospheric aerosols
can indeed undergo a rapid exchange. In the presence of abundant particle-phase chloride,
a significant fraction of GOM produced by photooxidation may be converted to HgCl 2 and
then evaporate back to the gas phase, in agreement with the report that HgCl 2 behaved
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similarly to atmospheric GOM with respect to capture by denuders (Malcolm et al., 2009).
Exchange can also occur in the water and soil environments, e.g., it has been reported
previously that the spiked 198Hg(II) exchanged with the Hg(II) bound to minerals within
hours and with the Hg(II) pre-equilibrated with thiols and dissolved organic matter in
minutes (Zhang et al., 2021). Furthermore, a rapid spontaneous isotope exchange (under
one hour) was observed even for mercury in different oxidation states, such as between
dissolved elemental mercury 202Hg(0)aq and 201Hg(II) bound to chloride and several organic
ligands (Wang et al., 2020).
Next, we extrapolate our results towards the concentrations encountered under
typical GOM sampling conditions. During field measurements, for the standard sample
flow of 1 L min-1 and collection time of 2 weeks, and assuming a GOM concentration of
35 pg m–3 (Lyman et al., 2020a), a total of 1.4×1012 GOM molecules would be accumulated,
corresponding to a 8×1010 molecules cm –2 surface coverage on a 4.7 cm diameter
membrane. On the same membrane, 5×10 17 molecules of HCl would deposit over the same
sampling time, with the surface coverage of 3×10 16 molecule cm –2, assuming a 1 ppb
mixing ratio of HCl in the air (Appel et al., 1991; Crisp et al., 2014; Harrison et al., 1990).
These ambient sample coverages can be compared against the coverages obtained in two
types of our experiments. In the first type (Figures 4.9b and 4.8), 2.4×1015 HgCl2 molecules
and 3×1018 HCl molecules were deposited on the 1-cm and 2-cm-long rolled CEM
membrane cylinders, corresponding to 8×10 14 and 4×1017 molecule cm –2 surface coverages,
respectively. In the second type (Figures 4.9a and 4.11), 9.5×1012 HgCl2 molecules were
deposited on a 5-cm length of deactivated borosilicate, corresponding to a 4×10 11 molecule
cm–2 surface coverage. By comparing these values, one can see that the membrane
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coverage by HCl in our experiments was only 10 times higher than during field sampling.
Considering that our experiments occurred on a time scale of minutes while atmospheric
sampling typically takes 1-2 weeks, it is highly probable that the contribution from the
exchange reactions with HCl and other non-mercury chemicals on membranes will be
significant in atmospheric GOM analyses. The surface coverage by HgCl 2 and HgBr2 on
CEM and nylon membranes exceeded the coverage expected during atmospheric sampling
by nearly four orders of magnitude. However, in the experiments with exchange on
deactivated borosilicate, the surface coverage was only a factor of four higher than that
expected on membranes during atmospheric collection. Thus, cross-interactions between
sorbed GOM species may be also possible during atmospheric analysis.
To summarize, based on our current results, a rapid exchange (under one minute)
can occur on surfaces with GOM coverages of over ~10 11 molecule cm –2 and in solutions
with concentrations of over 40 µM of GOM species. Under typical atmospheric conditions,
such coverages cannot be achieved on fluoropolymers (e.g., tubing and filters), but may be
possible on quartz and glass, especially at elevated relative humidities (Ambrose et al.,
2013). Also, one should keep in mind that PTFE filters used to split RM into PBM and
GOM (Gustin et al., 2021b) would also trap significant amounts of other particulate matter,
with masses ranging from hundreds to thousands micrograms, depending on the PM
pollution level. Hence, the exchange of RM (as both PBM and GOM) with the chemical
constituents of deposited particles becomes possible, especially at higher humidities, when
the particles absorb water and liquefy. In fact, the processes occurring in the latter case will
be similar to the ones in the thin film vapor method of the particle composition analysis
(Bigg et al., 1974; Yamato et al., 1994), where aerosol particles are captured on screens
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pre-coated with a suitable reagent and then exposed to a suitable vapor to induce chemical
reactions with the reagent, leading to changes in the particle appearance that can be
observed by Transmission Electron Microscopy. Further careful studies using lower
concentrations levels are needed to elucidate and quantify interferences that can lead to the
mutual exchange between GOM species, as well as cross-exchanges between GEM, GOM,
and PBM species in the presence of surfaces and condensed phases.
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CHAPTER 5
KINETICS AND MECHANISM OF GAS-PHASE OXIDATION
OF ELEMENTAL MERCURY

5.1 Introduction
The goal is to find the appropriate reagent ions to detect the intermediate products of gasphase elemental mercury oxidation: (1) HgBr, formed through the reaction of elemental
mercury with bromine radical, and (2) HgBrONO, formed via the reaction of HgBr with
atmospheric abundant species (NO2) using ID-CIMS.

5.2 Experimental
5.2.1 Schematics of the Experimental Setup
The bromine-initiated oxidation was carried by a two-step mechanism, where GEM reacts
with atomic Br to produce an unstable product HgBr then reacts with NO 2 (Jiao & Dibble,
2017a; Wang et al., 2014; Wu et al., 2020). Here, atomic bromine could be generated
through thermal dissociation of Br 2 (Bierbach et al., 1996) by a microwave discharge
(MWD) (Equation 5.1).

Br2 → 2Br·

(5.1)

Hg + Br·→ HgBr

(5.2)
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Atomic bromine can react with Hg(0) to form HgBr (Equation 5.2), which we are
trying to detect using appropriate reagent ions (SF 6- or CH3COO-) in ID-CIMS. The
mercury vapor was from a heated elemental mercury source (see details in Section 2.5).

Figure 5.1 Turbulent flow reactor coupled to ID-CIMS for investigation of gas-phase
mercury chemistry.
The detection of Br, reaction product HgBr and HgBrONO was achieved by IDCIMS (Figure 5.1). The Br2 was introduced into the reactor through the microwave cavity
from the side, generating Br radical to react with Hg(0) from the other side. The formed
HgBr may react with NO2 via Equation (5.3) to form BrHgNO2, which we expected to
detect using SF6- or CH3COO-.

𝑀

HgBr + NO2 → BrHgNO2

(5.3)

5.2.2 Generation of Br Radicals by Thermal Dissociation of Br2
The microwave discharge apparatus consists of a microwave generator, a Beenakker cavity,
and discharge tubes. At a frequency of 2.45 GHz, the microwave generator produces
microwaves, which are transmitted into a cavity through a cable. The cavity has a shape of
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a pillbox in which a low-losses dielectric tube (quartz or alumina, also called a “discharge
tube”) is placed axially in the center to obtain a maximum electric field. A high purity inert
gas such as He or Ar is used as a support gas for effective plasma and to avoid the
background in mass spectra. The plasma was ignited with a homemade ignitor and then
absorbed the energy of microwaves to become a hot plasma that can dissociate the bonds
of Br2 molecules (Equation 5.1).
5.2.3 Preparation of Br2 in Bulb

Figure 5.2 Schematic of bromine gas mixture preparation device along with Br2 (g) glass
bulb.
The bromine gas mixture could be prepared by a two-step dilution of bromine vapor at
room temperature using a gas mixture preparation manifold, as shown in Figure 5.2. The
liquid nitrogen was used to trap gases traveling into the pump from the system. After
evacuating the preparation system, Br2 vapor from the Br2 (l) bubbler was introduced into
a 10-inch diameter glass bulb to ~1.3 Tor, then diluted Br2 to 750 Torr by helium gas. The
glass bulb was covered by black foil to prevent Br2 photodissociation. In the second step,
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pump the Br2-He mixture from 750 Torr to ~100 Torr, then dilution follows a similar
procedure, diluting ~100 Torr Br2-He mixture to 750 using He. The final Br 2 gas
concentration could be calculated in the following,

𝐶𝐵𝑟2 =

1.3 100
750 750

× 106 𝑝𝑝𝑚 =231 ppm

(5.4)

5.2.4 Calibration of NO 2 Using SF6- as Reagent Ion in ID-CIMS
The product ion, NO2-, is generated from NO2/N2 in reaction with SF6- via electron transfer,

NO2 + SF6- → NO2- + SF6

(5.5)

to determine the sensitivity of ID-CIMS towards NO2 using SF6-, the calibration was
conducted

in

the

drift tube

under

1.78

-

1.81

Torr

pressure and

298

K. The NO2 concentration range is 6.8×108–6.8×1010 molecule cm -3 (method 2) in the drift
tube, corresponding to 12–1185 ppbv mixing ratios, where 1 part per billion by volume
(ppbv) corresponds to 5.7×107 molecule cm -3.
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Figure 5.3 Dependence of the product ion signal on the calculated concentration of NO2
in the drift tube measured using method 2 and SF6-.
The NO2 calibration plot for its concentration range of 6.8×10 8–6.8×1010 is shown
in Figure 5.3. The experimental sensitivity was obtained of 7.59 Hz ppbv -1 using the slope
and accounting for the sample dilution by the reagent ion carrier. The normalized
sensitivities (i.e., at a 1 MHz reagent ion signal) was 1.9 Hz ppbv -1. The LOD was 2.7 ppbv,
corresponding to 6.7×109 molecule cm -3, for a 10 s integration time and assuming a signal
to noise ratio S/N = 2.

5.3 Detection of the Reaction Products of Hg+Br
Around 250 ppm of Br 2 in He was introduced through the microwave discharge cavity,
generating ~3×1010 molecule cm -3 of Br radicals in the reactor. In our preliminary results,
the observations of Br - along with Br2- were confirmed using both SF6- and CH3COOreagent ions (X-) via electron transfer (Equations 5.6 and 5.7). Figure 5.4 shows the spectra
of Br- and Br2- obtained using CH3COO- as the reagent ions.
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Br + X- → Br-

(5.6)

Br2 + X- → Br2-

(5.7)

Figure 5.4 The spectra of Br- and Br2- using SF6- and CH3COO- as the reagent ions.
Then Br radical was expected to react with Hg(0) to form 6×109 molecule cm -3 of
HgBr, whose concentration was calculated according to the previously reported rate
constant from a Pulsed Laser Photolysis - Pulsed Laser Induced Fluorescence (PLP-PLIF)
study (Donohoue et al., 2006). The ionogram of Br- shows that no Br- drop when the flow
of Hg(0) was introduced. The reason could be that the concentration of Hg(0) introduced
into the reactor was too low because no full saturation of Hg(0) was achieved in the
impinger, which is the source of Hg(0).
We expected that by varying the initial concentration of bromine atoms and total
gas pressure in the turbulent flow reactor, either HgBr or HgBr 2 could be predominantly
produced. In the presence of Br radical and Hg(0), we tried to detect the product, HgBr, in
the forms of HgBr - or HgBrF- (Equations 5.8 and 5.9).
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HgBr + SF6- → HgBr- + SF6

(5.8)

HgBr + SF6- → HgBrF- + SF5

(5.9)

However, only HgBr2F- was observed (Figure 5.5), which indicates that HgBr 2 is formed
in the reaction. The formation of HgBr 2 cannot occur via Equation (5.10) because the rate
constant is too slow, 1.2×10-16 cm3 molecule-1 s-1 (Ariya et al., 2002).

Hg + Br2 → HgBr2

(5.10)

Figure 5.5 The spectrum of HgBr2F- detected using SF6-.
The ionogram of HgBr2F- indicated that HgBr 2F- signal decreased when reducing
the Br2 and disappeared when turning off the microwave discharge, which means that the
HgBr2, which was detected as HgBr2F-, was formed through the reaction of HgBr in the
presence of excess Br (Equations 5.11 and 5.12). We did not observe HgBr using SF6-
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which may because of the strong electric field (~40 V/cm) in the focusing part of the drift
tube, breaking down the intermediate product ion, HgBr- or HgBrF-. Without such a strong
electric field, we cannot obtain sufficient signals for detection.

𝑀

HgBr + Br → HgBr2

(5.11)

HgBr2 + SF6- → HgBr2F- + SF5

(5.12)

Quantum chemical calculations showed that CH3COO- could bind with mercury
compounds stronger than SF6-, as shown using HgCl2 to check the stability of the product
ion in the current electric field (see Section 2.4.5). We found that HgCl2 clustered strongly
with CH3COO- to form HgCl2·CH3COO-, which was stable for the detection. Figure 5.6
shows the spectra of HgBr·CH3COO-, HgBr2·CH2CO-, and HgBr2·CH3COO-, which were
detected during the reaction of Br radical with Hg, using CH 3COO- as the reagent ion
(Equations 5.13-5.15).

HgBr + CH3COO- → HgBr·CH3COO-

(5.13)

HgBr2 + CH3COO- → HgBr2·CH3COO-

(5.14)

HgBr2 + CH2CO- → HgBr2·CH2CO-

(5.15)
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Figure 5.6 The spectra of the reaction product: a) HgBr with CH3COO-; and b)
HgBr2·CH2CO- and HgBr2·CH3COO-. The orange sticks represent the theoretical spectra.

Future research is to reduce the electric field in the drift tube without compromising
the signal intensity, optimize the detection of the intermediate products, determine the rate
constant of the reactions of HgBr with atmospherically abundant species, and study the
complete mechanism of gas-phase oxidation of elemental mercury.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK
A chemical ionization-mass spectrometry-based technique for the direct detection of
gaseous oxidized mercury and the gaseous elemental mercury was developed and utilized
to study atmospheric mercury chemistry, including the gas-phase oxidation of GEM,
heterogeneous reactions of GOM with both inorganic and organic surfaces, and exchange
reactions that can occur during GOM preconcentration.
One of the main results of this dissertation is the introduction of ID-CIMS for the
direct detection of GOM and GEM, including the exploration of reagent ions to select the
ions appropriate for the detection of HgCl 2 and Hg0. Another important finding of this
dissertation is that current detection methods based on preconcentration of GOM cannot
provide its molecular speciation because of rapid exchange reactions on the surface of
sorbents. A similar scrambling of molecular speciation occurs on the atmospheric aerosols.
Moreover, the removal of GOM by both inorganic and organic surfaces was studied, and
we concluded that aerosols present a significant sink of GOM. The efficiency of removal
depends on the level of particle hydration and particle acidity. Finally, the gas phase
oxidation intermediate, HgBr, could be detected using CH3COO– and hence its kinetics and
mechanism can be studied using ID-CIMS. Overall, the results obtained in this dissertation
improve the understanding of the atmospheric mercury chemistry cycle.
The future work will focus on the following: (1) improving the sensitivity of GOM
detection by switching to atmospheric pressure chemical ionization; (2) studying the
heterogeneous uptake of GOM by the mixed inorganic-organic surfaces and on airborne
particles; (3) optimizing the detection of the reaction intermediate HgBr and determining
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the rate constant of the reactions of HgBr with atmospherically relevant chemical species;
(4) studying the complete mechanism of gas-phase oxidation of elemental mercury.
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